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OVERHEAD CONTACT SYSTEMS, CONSTRUCTION 
AND COSTS 


PART I 


BY E. ]. AMBERG 


ABSTRACT OF PAPER 


This paper, written with special reference to the New Haven 
electrification, gives a brief analysis of the systems and points 
to be considered in equipping trunk lines with overhead catenary 
construction. The paper is subdivided into five parts, viz: 
catenary systems, supporting structures, sectionalization, special 
construction and cost data. 

Under ‘‘ Catenary Systems’ a short description is given of 
the various types used on the New Haven, stating the conditions 
for which each is best adapted. 

The same applies to the supporting structures and sectionali- 
zation. 

Under ‘‘ Special Construction ’’ only the cross-overs and river 
crossings have been considered more fully, while other special 
work has only been mentioned, as it was not within the scope of 
this paper to go into the details of construction. 

With reference to the cost data: It should be borne in 
mind that the figures given apply to the New Haven construction 
which was installed in the section with greatest traffic density, 
also through thickly settled communities. Therefore, the figures 
given will be of little value for comparison or estimating unless 
these conditions are equated. 


HIS SECTION of the paper is written with special reference 

to the electrification of the New York, New Haven & 

Hartford Railroad between New York and New Haven, the 

New York, Westchester & Boston Railway, and of the Hoosac 

Tunnel section of the Boston & Maine Railroad; the writer 

having been closely associated with this work under the direction 
of Mr. W.S. Murray. 

The N.Y., N.H. & H.R. R. section covers an entire engine 
district consisting of 75 route miles of four and six-track main 
line; six route miles of single track branch line; large freight yards, 
station sidings and industrial spurs. The New York West- 
chester & Boston Railway section consists of 17; route miles 
of four and two-track main line with yards and sidings. The 
Boston & Maine Railroad section consists of eight route miles 
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of double track with yards and sidings, and includes a tunnel 
section of 4.75 miles. These electrifications total 575 miles on 
a single track basis. Several types of catenary construction 
were necessary to meet the various requirements. 

For convenience, the paper is sub-divided into the following 
general parts. (1) Catenary Systems. (2) Supporting Struc- 
tures. (3) Sectionalization. (4) Special Construction. (5) 
Cost Data—General. 


CATENARY SYSTEMS 

A catenary system may be either rigid or flexible, but the 
two should never be combined, for operating experience has 
shown that where flexible and rigid parts meet, trouble is es- 
pecially liable to occur. The flexible system has been most 
used in this country and three distinct types have been in- 
stalled on the New Haven and its allied lines, viz: double 
catenary, compound catenary and single catenary. 

Double Catenary. This was the pioneer catenary installation 
in the world as applied to trunk lines with heavy traffic density, 
When installed it was considered necessary to provide stiffness © 
against wind to keep the trolley within reach of the locomotive 
pantagraphs. Two 9/16-inch steel messenger strands were 
used, to which triangular hangers were fastened, these supporting 
the copper trolley wire. This provided horizontal stiffness and 
vertical rigidity; thus the construction was a combination of a 
rigid and flexible system, the rigid section being the two messen- 
gers with triangular hangers, the flexible part the copper trolley 
wire between hangers. Initial operation showed that this 
combination was not adapted to high-speed service and it was 
readily changed to a flexible system by the addition of a steel 
trolley wire supported by clips from the copper conductor. 
These clips were installed midway between triangular hangers. 
(This phase of the construction has been thoroughly discussed 
in Mr. Murray’s paper “The Log of the New Haven Electri- 
fication.”) The double catenary system also has the advantage 
that if one messenger broke the other would prevent the catenary 
from falling. 

The system has several disadvantages. On account of the 
two live messengers being carried over the bridges, it is impos- 
sible to do work on the trusses, such as installing signals or run- 
ning taps from one side to the other, without having power cut 
off. No ground wires were installed, as it was thought that 
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lightning arresters of the spark-gap type would be adequate to 
prevent trouble from lightning; but the protection was in- 
sufficient, and electrolytic lightning arresters have now replaced 
them. The trouble from lightning has been reduced considerably 
but is still greater in this section than on any other part of the 
electrification. 

Compound Catenary. This was first developed and installed 
on the one-mile section at Glenbrook, Ct. The type was further 
developed and applied to the Harlem River Branch, the New 
York, Westchester & Boston and the section between Stamford 
and New Haven. It was considered desirable to install a 
grounded messenger over each track, which would remove the 
live parts of the catenary from the trusses, eliminate lightning 
trouble and at the same time be used to keep the trolley wires 
nearly over the center line of track without the use of pull-off 
poles. The j-inch messenger is carried over the catenary 
bridges and is supported on cast iron saddles instead of insulators 
as in the double catenary type, and is thereby grounded to the 
bridges. These messengers, strung over each track, are con- 
nected at the quarter points of the spans by three-inch I-beams 
running across tracks. The suspension insulators are attached 
to these I beams for carrying the single catenary, which consists 
of a 3-inch stranded steel messenger clamped to the insulators 
a 4/0 copper conductor supported from the strand by 34-inch rod 
hangers every 10 ft., and a 4/0 steel contact wire fastened to 
the copper conductor by clips placed half way between the 
rod hangers. On curves the ‘“ Murray ” hanger is used. This 
is clamped to the messenger and is held at a suitable angle by the 
acting forces. Fastened to the lower end is a duplex clip to 
hold the copper and steel trolley. Length and angle of hanger 
are adjusted so that the clips are true to line and the contact 
wire is held over the center of track. With this type of construc- 
tion it is possible to maintain 300-ft. spans on curves up to three 
degrees without pull-offs; for sharper curves it is necessary to 
shorten the spans. Even on reverse curves no difficulty has 
been experienced in keeping the contact wire in its proper 
location. On curves above two degrees, the temperature has 
an influence on the alignment of the contact wire, requiring the 
use of pull-off spans between bridges. 

Single Catenary. In this construction the insulators are at- 
tached to the under-side of the trusses and the single catenary 
suspended. from them. This also keeps the live wires of the 
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catenary below the steelwork. For tangent sections the 
bridges can be spaced 300 ft., but for curves this distance 
must be reduced unless pull-offs are used. Adequate lightning 
protection was secured by stringing ground wires on the feeder 
supports. 

Single catenary may be used both for main line and yard 
work. In yards the copper wire may be omitted for the reason 
that in the average yard the trolley wires have sufficient current 
carrying capacity, since several tracks are connected in multiple. 

To make the yard construction as light as possible, a #-inch 
messenger, 2/0 trolley and 3-inch hangers were used, except for 
tracks with frequent movements; these were equipped with 
3-in. messenger, 4/0 trolley wire and 4-inch rod hangers. 

Contact Wire. The steel trolley wire rusts considerably; this 
rust is washed off by rain and drips onto coaches and loco- 
motives operating in the zone, making them unsightly and 
necessitating more frequent painting. Where frequent loco- 
motive movements are made, the under-side of the trolley 
wire is kept bright and presents a good collecting surface, but 
where locomotives are operated infrequently rust collects, 
causing increased sparking and burning of pantagraph shoes. 
In the Woodlawn-Stamford section the steel trolley wire has 
been in service since 1907 and at points of greatest wear phono- 
electric trolley wire has been installed, with very satisfactory 
results. For future electrifications doubtless steel contact wire 
will be less used, although the difference in first cost is much 
in favor of it. 

Insulators. Insulation is a very important part of any cate- 
nary system, and the slight additional cost for insulators with 
a high factor of safety is good insurance. The types used on 
the New Haven electrification were all tested for 110,000 volts. 
The pin, suspension, and some of the strain insulators are of 
the porcelain type; other strain insulators are of wood. Tem- 
perature strains in porcelain insulators should be given most 
careful consideration, especially in the dead-end type. Failures 
have been caused by steam train operation in the electrified 
zone, break-downs being most frequent where clearance be- 
tween the locomotive stack and insulator is restricted, or where 
steam engines stopped under or near an insulator. Where 
clearances are restricted it is advisable to locate the insulators 
off the center line of track or to use two insulators in parallel, 
spaced several feet apart. In tunnels two insulators in series 
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are advisable and this form was successfully used in the elec- 
trification of the Hoosac Tunnel; in this case each insulator 
was tested for 150,000 volts (Fig. 6). 


SUPPORTING STRUCTURES 


The supporting structures can be divided into three classes; 
bridges, steel or wood poles with cross-spans, and poles with 
brackets. Choice of the supporting structure is governed by 
the load to be carried, number of tracks to be spanned, right- 
of-way available, factor of safety desired and other conditions. 
On the New York, New Haven & Hartford Railroad and New 
York, Westchester & Boston Railway systems the supporting 
structures for the main line tracks were designed not only to 
carry the catenary system, feeders and transmission lines, but 
also a signal over each track weighing 2400 lb. 

A bridge was the only structure which would fulfil the above 
conditions. On the New Haven electrification between Wood- 
lawn and Stamford the bridges are designed so that all over- 
turning moments were taken at the base, a feature which re- 
quired large foundations. The bridges for the Harlem River 
Branch, the New York, Westchester & Boston, and the main line 
between Stamford and New Haven, were designed to take the 
moments resulting from stresses acting across track in the 
corner connections between posts and truss. The foundations 
have only to resist the overturning moment along and the 
shear across track, making them much lighter than those first 
installed. The cost of the combined structure is materially 
reduced by having the steelwork carry the stresses. The 
height of the bridges is regulated so as to keep the contact 
wire 22 ft. above the top of rail, excepting at places where 
clearance is restricted. These bridges span six tracks on the 
Harlem River Branch, four tracks on the main line and a sec- 
tion of the New York Westchester & Boston, and tw6 tracks 
on the New Rochelle and White Plains Branch of the N. Y. 
W.&B.Ry. Some special bridges span as many as ten tracks. 

The cross-span construction is especially well adapted where 
a large number of tracks are to be equipped with single cate- 
nary. This applies to main line as well as yards. The cross- 
span messenger is supported by poles, which may be either 
self-supporting or guyed. On the New Haven electrification 
most structures are self-supporting. The cross-span construc- 
tion was used in all yards and at certain points for main line - 
work, 
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The cross-span messengers of 47-inch or #-inch steel strands 
are supported by latticed steel poles in large, and by wooden 
poles in small yards. Pull-offs cannot be entirely avoided in 
yard work on account of sharp curves. The cross-span being 
a flexible support, makes necessary the use of steady strands 
to hold the catenary in its proper position over the tracks. 

Poles with Brackets. This type has been used for single- 
track sections and for station and industrial sidings. It is 
cheaper but not so reliable as the others, although suitable for 
the purpose. 150 ft. is about the longest span which can 
safely be used on tangents with wooden poles. 


SECTIONALIZATION 

It is necessary to sectionalize the contact system to locate 
trouble and to make repairs with the least interference to 
operation. Main line tracks should be sectionalized from each 
other and each should again be divided into sections. The 
sectionalizing points should preferably be at or adjacent to 
principal cross-overs, which are generally controlled from 
signal towers. There are always employees at such places, 
who may be charged with the small additional duties of opera- 
ting the electrical apparatus. To disconnect a defective section 
quickly, automatic oil circuit breakers are used. These breakers 
should be of ample size and staunch construction as they are 
subject to a severe service. The automatic opening of breakers 
is controlled by relays, with enough margin for adjustment to 
insure proper selection and sequence of operation. On the 
New Haven and the New York, Westchester & Boston Railway 
systems, the breakers are of the outdoor type mounted on sec- 
tionalizing bridges. This gives the shortest possible high- 
tension connection between buses, track catenaries, feeders 
and these circuit breakers. The switchboard, with the control 
switches and relays, is located in the signal tower. The con- 
nections between the board and the breakers are made by means 
of individual lead-covered cables. Under certain conditions a 
better layout can be obtained by placing indoor type circuit 
breakers in a building beside the track. Such an installation 
was made by the engineers of the New. Haven when electrify- 
ing the Hoosac Tunnel of the B. & M. R. ans 

The actual break or gap in the track catenaries can be made 
in different ways. Two distinct types, however, with various 
modifications were used on the New Haven; one rigid, the other 


Wing of 4% Steel Wire 
Wood Section Break 


Movable Approach of Sheet Iron 
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Fic. 8—Woop SECTION BREAK 


flexible. The rigid type was a wood 
section insulator, which gives a very 
simple construction but produces an 
undesirable hard spot for high speed 
operation. By installing a movable 
approach to the wood section break, 
the effect of the hard spot is some- 
what reduced. The flexible wings 
shown on the wood section break 
(Fig. 8) are arranged to prevent an 
engine from getting stalled at that 
point. 

In the flexible type, air is used as 
an insulating medium; insulation is 
obtained by having the trolley wires 
of the two adjoining sections overlap, 
spaced about 18 inches apart, and 
then dead-ending each in opposite 
directions. 

Yard sectionalization is easily ar- 
ranged. On account of the slow move- 
ment of trains the wood section break 
can be used without movable ap- 
proach. Tracks do not have to be 
sectionalized individually but can be 
grouped; ladder tracks, however, 
should always be kept separate: The 
sectionalization of yards is largely de- 
termined by the manner in which the 
switching is done, and for that reason 
the local conditions should be care- 
fully studied in conjunction with the 
operating officials. 

The various yard sections are sup- 
plied from a feeder through discon- 
necting switches, and if the yard is 
sufficiently large it is advisable to 
arrange the feeder in loop form, 
placing an automatic circuit breaker 
at each end of the loop. The feeder 
should again be subdivided into several 
sections by disconnecting switches. 
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SPECIAL CONSTRUCTION 


This covers the work at cross-overs, river crossings, arrange- 
ments for joint use of the same overhead wire in yards and 
sidings by the 11,000 volt a-c. locomotives and the 600 volt d-c. 
trolleys at different times, grade crossings of 11,000 volts a.c. 
and 600 volts d-c., and many other problems which although 
of minor importance are links in the complete chain. 

Cross-overs are all equipped with a single catenary, omitting 
the 4/0 copper wire. Wherever possible, air sectionalization 
is used but there are a number of places where wood section 
breaks could not be avoided. Perfect alignment is necessary 
where main line and cross-over catenaries meet, and at these 
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points deflectors are used to prevent the pantagraph shoe 
catching in the wires. 

The construction for river crossings presents unique studies. 
Of these crossings one is spanned by a drawbridge and the 
others by rolling lift bridges of various designs. On the lift 
bridges each pound of construction had to be compensated for 
in the counterweight, the total additional increase in weight 
being limited by the bridge foundations. The track, feeder 
and current-return circuits, three-phase transmission and signal 
lines, control and ground wires were carried across the rivers 
on high transmission towers: the United States Government 
specifying the minimum clearance between mean high water 
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and lowest point of wires over the channel, which varied between 
135 ft. and 165 ft. Excepting at one place, where towers were 
placed in the river on both sides of the bridge, these high towers 
are combined with the anchor bridges which take the dead-ends 
of the main line catenaries (Fig. 9). A light contact system is 
carried between the towers. 


Cost Data 


It is of little value to give costs without at the same time 
stating fully the exact conditions under which they have been 
obtained. The diversity of 
conditions on the New Haven 
and its allied lines has clearly 
shown that the cost per mile 
of single track may vary con- 
siderably. The information 
in the following diagrams and 
tables is intended to give an 
idea of the cost of the various 
types of construction under 
‘normal conditions’? met 
within this territory, and also 
show how this may vary 
under more difficult condi- 


tions. 
Catenary Construction. Figs. 


No. 10, 11 and 12 give the 
respective cost per mile of 
single track for compound 
catenary construction of the 
New Haven type for a six- 
track, four-track and two- 
track section, exclusive of 
feeders, transmission lines and sectionalization. 

Figs. No. 13 and 14 give the respective cost per mile of single 
track for single catenary construction of the New Haven type 
for four-track and two-track sections, exclusive of feeders, trans- 
mission lines and sectionalization. 

These curves apply to the following normal conditions: 

(1) Foundations. The ground on both sides of the tracks 
is level; no piling or rock blasting necessary. 

(2) Bridges. To carry one catenary, one signal, one 4/0 
feeder per track; duplicate 4/0 three-phase lines; duplicate 
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signal lines, each consisting of two No. 3 control wires and two 
38-inch steel ground wires. No bridge to span more than the 
standard number of tracks nor carry additional load, such as 
yard cross-spans, brackets, etc. None of the feeder supports 
to be moved in from the posts to the trusses. 

(3) Labor and Work train conditions for installation of Cate- 
nary. Gangs and worktrains occupying tracks assigned for con- 
struction purposes to be allowed reasonable freedom from inter- 
ruption. 

Table I shows the different items which make up the total 
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labor and worktrain cost for catenary erection and the per- 
cent of each. 

For items Nos. 2, 3, 4, 5, 6 and 9 the time paid is about twice 
the actual working time even under the above assumed “ normal 
conditions.”” The lost time is spent on sidings clearing for im- 
portant trains and on the trips between headquarters and work- 
ing points. 

Item 7 is high due to the fact that much assorting and as- 
sembling of material was done at the storeroom. 

(4) Catenary Material. Table II shows in per cent the dif- 
ferent items making up the cost of catenary material. The 


Fic. 14—Cost or SINGLE CATEN- 


ed 
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item of catenary material is not inclusive for special work, 
such as cross-overs, sidings, sectionalizing, nor does it include 
the dead-ends for the catenaries, which latter are included in 
the cost for sectionalizing. 

Variation in Cost. Table II gives an idea of the increased 
cost when applied to difficult sections. 

Sectionalization. The costs given in Table IV apply to stand- 


TABLE I. 
LABOR AND WORKTRAIN FOR ERECTION OF CATENARY 
Table giving distribution of labor and worktrain service in per cent. 


2 Se Re nae eee eS eee 
(1) Pulling out 7” strands............ cece cece cece gece rece rece eeeeesens 4.8 per cent* 


(2) Locating saddles; spreading and sagging 3” strands..............++-- 7.9 per cent* 
(3) Putting up I beams with insulators attached.............+-+++-+sees 6.3 per cent. 
(4) Pulling out §” messenger; 4/0 copper and 4/0 steel wire.............- 6.7 per centf 
(ED LGhyayo birestlh eras ono COMO O0neCoy OOnnE O00 be ODS OODOOTGO One 25.2 per cent 
(6) Final adjustment: ..5. 05.50 lees n+ ont cleiewelg sis ve vwivinle osiala's elelele ae 4.8 per cent 
CR) SEOTEROOMI py cle cette ooo che wo wie nsbeteyste oUeiorele cl-\elaue's) ener vaghoieiely a/alenskans 18.9 per centt 
(8) Painting #” messenger. ........ 00. c cece eee e cece t tere set eecnes 13.3 per cent 
(9) Painting #” catenary (except 4/0 wires).........--- 0s esse errr eeeeee 13.0 per cent 
Total labor and worktrain for erecting compound catenary......... 100.0 per cent 


*Can be omitted for single catenary. 
+Can be partly omitted for single catenary. 
Relation of compound to single catenary is 100 to 64.1 


TABLE II. 
CATENARY MATERIAL 


Table giving distribution of material in per cent. 


(1) §” grounded steel messenger....,..... sees eee eet eee nee e sees 26.2 per cent* 

(2) Saddles complete..........-.:. ss eee eee tee eect nett ene eee ees 1.6 per cent* 

(3) 3” I beams with fittings.............. ese e eee eee eee etre eee teens 7.4 per cent* 
(4) Suspension insulators complete........-. +. essere reese eter eee eees 8.2 per cent 
(5) Fo Messenger... . esses eee eee eee e ee tee re nar e eee e estes eens 15.7 per cent 
(6) 4/0 copper Wire.......-. 22 eee e eee teeter terre teen tees ceans 21.6 per cent 
(7) 4/0 steel trolley Wire...... 22. sees cece cette eer e eee tee e eee 8.5 per cent 
(8) 4” hangers complete.........0- es seecce secret ete ee eee ce cereces 6.0 per cent 
(9) Duplex clips between copper and Steele wireS er c/aiee cities sie chereleieiereceis/o15 0.7 per cent 
(GIG), 23:6) IG as oldidicnietG goceeorecnor Dominica Se eas dae Se ae ee 4.1 per cent 
Total for compound catenary, exclusive of dead ends.........----- 100.0 per cent 


*Can be omitted for single catenary. 
Relation of compound to single catenary is 100 to 64.8 


ard sectionalizing bridges as used on the New Haven Road. 
(Costs for outdoor substations not included.) 

Feeder and Transmission Lines. Costs for feeder and trans- 
mission lines have not been included in the tables, since these 
present no new features excepting such as arise from the con- 
ditions under which the wires were strung. The erection cost 
varies from $20.00 to $50.00 per mile of wire. 
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Yard Construction. In large yards of regular layout the total 
cost can be as low as $3000.00 per mile of single track, inclusive 
of sectionalization and feeders. In small yards with short 
tracks and irregular layout the cost will be necessarily increased. 
Much depends on the importance of the yard and the factor 


TABLE III. 
Table to show variation in total cost and cost of different parts, due to local conditions. 


(1) Fairly regular layout; very few curves; some piling under foundations; sections of 
relatively new fill requiring large foundations. 

(2) 25 per cent curves; restricted right-of-way for a considerable distance, making it 
necessary to move feeder supports in, thus increasing the stresses on the bridges; yard 
cross-spans attached to many bridges, some bridges spanning more than standard number 
of tracks. 

(3) 32 per cent curves; some piling under foundations; fills requiring large foundations; 
cuts where rock blasting was necessary for the foundations; a number of bridges carrying 
yard cross-spans. 


Total cost per 
mile of single Cost Cost Cost 
track of com- Number of of of 
pound catenary, of foundations catenary catenary 
exclusive of sec- tracks in bridges constrn. 
tionalization per cent in in 
and feeders per cent. per cent. 
i $8,000.00 | 4 26 per cent 36 percent | 38 per cent 
2 11,000 .00 4 20 per cent 47 percent | 33 per cent 
3 11,000.00 6 29 per cent 39.5 per cent | 31.5 per cent 
TABLE IV. 
COST FOR STANDARD SECTIONALIZING BRIDGE 
Compound catenary. Single catenary 
6-Track 4-Track 2-Track 4-Track 2-Track 
Houndatvions act ama. cae $2,000. 1,720. 960. 960. 620. 
Steelwork ene «0.0/0. 0c elt 2,600. 1,760. 1,000. 1,360. 720. 
Electrical apparatus........ 11,500. 10,000. 7,000. 10,000. 7000. 
Sectionalization............ 750. 500. 250. 500. 250. 
Totalqscet ee ee $16,850. 13,980. 9,210. 12,820. 8590. 


of safety used. For favorable conditions the costs may be 
approximated as follows: 


Boundations installed... 5 sow, 265 ee $ 700.00 
Supporting Structures erected................. 800.00 
Catenary Material. toe) eee eee 1000.00 
Labor & Worktrain Service................... 500.00 


Total per mile of single track............. - $3000.00 


_—_—_—— 
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CONSTRUCTION, MAINTENANCE AND COST OF 
OVERHEAD CONTACT SYSTEMS 


PART II—CATENARY CONSTRUCTION 


BY F. ZOGBAUM 


ABSTRACT OF PAPER 


This paper is designed to give a general review of the problems 
involved in the maintenance and the cost of an overhead con- 
tact system of the catenary type, carrying high-voltage pro- 
pulsion currents. The paper includes not only the contact 
system itself, but the transmission lines which form an integral 
part of the same. The subject treated is the catenary con- 
struction on the New York, Westchester & Boston Railway, 
which is purely an electrical line, having no steam whatever. 
Several points will be brought out, such as the method of main- 
tenance, the organization of the maintenance forces, the effi- 
ciency of insulation and other points which may be used in 
comparison and in discussion. 


NE OF the most important matters pertaining to the 
O maintenance of an overhead catenary system is the 
inspection of the contact wires and the transmission system, 
in order that possible failures may be forestalled, so that de- 
fects may be discovered and failures prevented. During such 
an inspection it is important always to note the condition of 
the contact wire with reference to its position to the track, and 
at all times to keep the wire as near the center of the track as 
possible. 

Although on some other roads it has been found advisable to 
stagger the contact wire in order to get the maximum wear on 
pantagraph shoes, it will be seen from figures that are presented 
here, that it has not been found necessary in the case of this 
system to stagger the contact wire to the advantage of panta- 
graph shoe wear. In noting the position of the contact wire 
with reference to the track it is essential always to allow for the 
swaying movement of the locomotive or car carrying the panta- 
graph. This is especially important on curves, as trains run- 
ning at high speed on curves of any sharpness over one degree, 
will naturally swing the pantagraph towards the outside of the 
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‘curve, making it necessary to have the contact wire outside 
of the center line of the track, whereas on tangents the wire 
is kept as nearly as possible directly over the center of the 
track. 

The line of the New York, Westchester & Boston Railway, 
the catenary system of which is treated herein, consists of 
54.26 miles of contact wire and 181.29 miles of transmission 
lines, which include signal feeders and control line, or 109.17 
miles of transmission lines for traction power only. The 54.26 
miles of contact wire is suspended over 30 per cent curve track 
and 70 per cent tangent track, so that practically the only 
adjustment necessary is on 30 per cent of the road, as the tangent 
contact wire remains in relatively the same position through- 
out the year, while the curve contact wire needs slight adjust- 
ments from time to time. Included in the catenary system are 
six sectionalizing or anchor bridges and 77 high-tension oil 
circuit breakers, which are used for sectionalizing the high- 
tension power. Also, it is considered on this line that the 
signal transmission lines are included in the electrical distri- 
bution or catenary system. 


ORGANIZATION 


The organization for maintenance of the catenary and trans- 
mission system is known as the electrical department and in- 
cludes, not only the maintenance of the contact system, trans- 
mission system, signal transmission system, signal transformers 
and station lighting, and elevator transformers, station elevators 
and lighting systems, but also takes care of such construction 
work as may come up from time to time. The electrical de- 
partment is headed by the engineer of maintenance, to whom 
the general electrical foreman reports direct. The general 
electrical foreman has under him, one day foreman and one 
night foreman, five linemen and one assistant lineman. The 
day foreman, three linemen and assistant lineman cover the 
entire system, the majority of the time without special work 
train, and make repairs on practically all the apparatus as 
mentioned, except the contact system or parts of the trans- 
mission system, which cannot be taken out of service during the 
day. The night foreman and two. linemen cover the entire 
line and use a work train in inspecting and repairing the con- 
tact system. The work train consists of one gasoline-electric 
locomotive and work car. The gasoline locomotive contains 


ee 
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the working platform from which repairs are done to the con- 
tact system. Erected on the work car is a pantagraph collector, 
identical with those used on the regular coaches and locomotives. 
Also on the work car is an electric searchlight, which is used 
in inspection as well as when making repairs. 


INSPECTION METHODS 


During the day time, approximately once each month, the 
contact system is given a general inspection from the head end 


New York, Westchester & Boston Railway Company 
Daily Report’ of Time Worked 


FOR DAY 191 


ig 


REMARKS 


Signed. 


Total | 
DESCRIPTION OF WORK LOCATION Hours 


TOREMAN 


a all et : 
Tae put on ii HOURS WORKED Total) Amount 
NAME cupatior | a eal 4 -- ee Hourg 
I LL Batsks 
= [ | ' r 4 
= ail| a 


of multiple-unit trains, and the pantagraph collector is watched ~ 
during the entire run over the road and any defects or any wires 
off center are noted. 

At specified times each month the circuit breakers on the 
sectionalizing bridges are inspected and repairs made if neces- 
sary. Any defects or other matters of irregular appearance 
are immediately reported and the night gang is lined up to make 
the stated repairs or adjustments. 

The night crew also makes specified inspections on the line 
repairing where necessary, but generally the entire time of 
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the night crew, which is actually only about 44 to 5 hours, due 
to traffic conditions, is taken up with regular maintenance 
work, which has been previously lined up for it. 

The day crew reports its work on a regular form, as shown 
in Fig. 1, and the night crew also uses the same form, and in 
addition, turns in a work train report, as shown in Fig. 2, which 
includes the movement of the work train, as well as specifying 
what work has been done and what the general condition of 
the line is in when the crew returns from the road. 


Fonu 176 


New York, Westchester & Boston Ry. Co. 


RESULTS OF INSPECTION 


As already stated, a con- 
stant inspection has rapidly [ 
reduced the slight difficulties 
which arose from time to 
time after the road was first 
put into operation. 

For example: For the year 
ending December 1913, a 
total of 37 pantagraph col- 
lectors were broken, out of 
91,250 pantagraph trips made 
during the year. For the 
year ending December 1914, 
there were 19 pantagraph 
collectors broken out of 94,900 
pantagraph trips made during 
the year; and for the three 
months ending March 1915, 
four pantagraph collectors 
were broken out of 23,400 
pantagraph trips made during 
the three months; making 2,466 pantagraph trips per one panta- 
graph failure in 1913; 4,994 pantagraph trips per one panta- 
graph failure in 1914; and 5,850 pantagraph trips per one 
pantagraph failure for the three months ending March 1915. 


Daily Report of Work Train 


ee 19 


Motor: No. 2s 2 ee a ee 


Motorman. 


AVG JHL ONIUNG JNOd WAOM. T1Y 40 NOILV901 CNV JUn.LYN 


~~ Foreman or Conducion. 


Fie. 2 


OPERATING EFFICIENCY 
In 1913 there were 27,927 car miles operated per one panta- 
graph failure, in 1914 there were 55,503 car miles operated per 
one pantagraph failure, and for the three months ending March 


1915, there were 64,799 car miles operated per one pantagraph 
failure. 
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The usual cause for broken pantagraphs is due to wire off 
center, low joints on running rails on curves, overhead frog on 
deflector out of adjustment and loose sleeves on contact wire. 

The following tables give the total delays caused by broken 
pantagraph collectors and power troubles, shown in compari- 
son with the train miles operated, with the typical causes given 
for the delays. 


Power trouble Pantagraph and contact 
Year Month Train miles wire trouble 
Delays Minutes Delays Minutes 

1913 | Jany. 73,939 .07 29 584 1 5 
: Feby. 68,323 .64 13 79 3 20 
< March 74,206.19 1 6 0 0 
( April 71,684.33 38 243 1 15 
May 74,103.24 25 382 iL 5 
June 72,925.33 13 114 6 40 
f July 75,033 . 20 29 187 22 22 
« August 74,674.88 14 101 1 5 
S Sept. 72,223 .94 9 92 1 10 
« October 74,644.30 9 62 1 7 
& Nov. 72,160.28 15 242 0 0 
s Dec. 75,386.58 15 78 0 0 
879,304.98 210 2170 17 129 


ee ee 


Power trouble Pantagraph and contact 
Year Month Train miles wire trouble 
Delays Minutes Delays Minutes 

1914 | Jany. 75,330.00 16 227 4 25 
& Feby. 67,088 .08 20 398 1 5 
m March 74,634.69 2 2 0 0 
- April 71,044.61 1 5 0 0 
Ly May 74,160.23 8 434 1 7 
. June 72,312.00 8 33 4 51 
4 July 75,387 .60 3 14 0 0 
¢ August 74,406.68 19 927 0 0 
! Sept. 72,241.02 0 0 0 0 
* October 74,659 .04 (0) (0) 0 0 
© Nov. 72,216.96 9 109 2 12 
9 Dec. 74,639 .48 11 107 3 17 
878,120.39 97 2256 15 siplh/ 
1915 | Jany. ~ 74,627 .36 ) 0 0 ) 
a Feby. 67,388 .36 0 0 i! 2 
f March 74,654.61 0 0 0 0 


216,670.33 0 | 0 1 2 
SKK reece 
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Jan. 2 


Jan.9 $ 


February 


March 


May 


July 


Power Troubles 
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TypICAL CAUSES FOR DELAYS CAUSED By: 


1913 
Power off three minutes, due to| Jan. 4 
undiscovered grounds 
Jan. 4 
Power off three contact lines, four|Jan. 17 
minutes, due to undiscovered 
grounds 
Jan. 21 
Feb. 10 
Feb. 14 
March 5 
March 11 
| 
| 
March 15 
May 2 
May 24 
May 25 
May 25 
May 29 
July 7 
| 
| 
1 
July 13 
July 14 
July 20 
July 25 


Contact Wire and Pantagraph Trouble 


| —_ 
| 


Contact dead end broken by 
pantagraph 

Grounds due to broken panta- 
graph 

Short circuit of pantagraph 
insulator, due to foreign 
material 

Short circuit of pantagraph 
insulator, due to limb of 
tree. 


5 messenger grounding against 
lower cord of highway bridge. 
Broken pantagraph on cross- 
over, on account of deflector. 


Broken pantagraph, due to 
train running past deadend 
in storage yard. 

Due to car in storage yard 
bridging current on line to 


ground, by raising two panta-— 


graphs. 
Broken pantagraph, due to 
pantagraph sprocket chain 
breaking. 


Grounded insulator on con- 
tact wire. 

Short circuit on pantagraph 
insulator, due to foreign 
material. 

Broken pantagraph on curve. 
due to loose hangers. 
Pantagraph broken on cross 
over, due to deflector. 

Short circuit on pantagraph 
insulator, due to cat on roof 
of car in storage yard. 


Broken sprocket chain on 
pantagraph on _ cross-over, 
due to deflector. 

Short circuit of pantagraph 
insulator, due to limb of 
tree. 

Broken sprocket chain on 
pantagraph on _ cross-over, 
due to deflector. 

Broken pantagraph on cross- 
over, due to deflector. 
Broken pantagraph on cross- 
over, due to deflector. 
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Power Troubles Contact Wire and Pantagraph Trouble 
1914 

Feb. 16 : Power off five contact lines, five|Feb. 17 Grounded line switch on car 
minutes, due to wundiscovered|Feb. 18 Due to grounded transformer 
grounds. on car. 

March 1: Grounded feeders, due to pro-| March 20 Grounded contact wires, due 
tection screens being broken down to ice connecting between con- 
by snow. tact wire and highway bridge. 

May May 2nd: Grounded insulator on 

contact wire. 

May 6 Arc drawn by pantagraph 
grounding on messenger. 

May 18 Broken pantagraphs on two 
cars at cross-over, due to 
deflector. 

May 20 Due to are drawn by panta- 
graph grounding on catenary 
bridge. 

May 27 Broken pantagraph, due to 
pantagraph leaving wire on 

- curve. 

May 28 Grounded pantagraph insu- 
lator due to branch of tree. 

August Aug. 3 Broken pantagraph breaking 

insulator on curve. 

Aug. 23 Due to grounded pantagraph, 
caused by bird on roof of car. 

Aug. 29 Broken insulator on contact 
wire. 

1915 

February Feb. 3 Due to arc drawn by panta- 

graph, grounding messenger. 


Also, the graphical charts shown in Figs. 3a, B,C, D, represent 
the total minutes delay, divided between power trouble and 
contact wire and pantagraph trouble. 


INSULATION 


All told, on the 54.26 miles of track, there are the following 
numbers of insulators: 

On the 11,000-volt lines, there are 2,557 pin insulators, 1,949 
safety strain insulators, 164 wood strain insulators, 2,004 cate- 
nary suspension insulators and 87 dead-end strain insulators; on 
the 2200-volt signal lines there are 1,368 pin insulators and 971 
safety strain insulators; making a total of 9,100 insulators. 

Out of the total number of 2,339 insulators carrying the signal 
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transmission lines there have been no insulator failures after 
approximately three years’ operation, and out of the 6,761 in- 
sulators carrying the 11,000-volt lines there have been the 
following failures: 

In 1913: One insulator failure on contact lines. 
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Fic. 38—Totat Minutes DELAY DUE TO POWER TROUBLE, 1914 
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In 1914: Seven insulator failures, six of which were on con- 
tact lines and one on the transmission line. 

In 1915: There has been one insulator failure on the trans- 
mission lines. 

This makes approsiniatelyy 100 per cent insulation in 1913, 
a little better than 99 per cent insulation in 1914 and approxi- 
mately 100 per cent so far in 1915. 


1915] : ZOGBAUM: CONTACT SYSTEMS 1479 


WEAR 
The following table shows the mileage obtained by panta- 
graph shoes and it is to be noted also, that the actual wear on 
the contact wire from the rubbing effect of the shoe has amounted 


GW 
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Fic. 83c—TotTaL MINuTES DELAY DUE TO PANTAGRAPH AND CONTACT ° 
WIRE TROUBLE, 1913 
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Fic. ae MINUTES sae DUE TO PANTAGRAPH AND CONTACT 
WirE TROUBLE, 1914 


to about 4 in. flat surface on the under side of the grooved steel 
contact wire. This wear has been uniform over the entire 
line and there seems to be no indication of more wear on the low 
wire than on the high wire, and the wear on curves, also, is about 
the same, so that at the rate of wear as noted at the present 
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€ 


time, it should be not necessary to renew the steel trolley wire 
for six or seven years, at least, from the initial installation. 


Panta- 
Year Month graphs Mileage 
broken 
1913 January 2 840 
“i February 5 1049 
- March 3 1046 
G April 6 1109 
May 2 1320 
O June 6 1357 
CG July <2 1425 
CG August 6 1866 
“ September 0 2379 
= October 0 2667 
Q November 1 1775 
$ December 1 1669 
37 
Panta- 
Year Month graphs Mileage 
broken 
1914 January 4 1330 
(3 February 1 1144 
< March 0 1053 
i April 0 1333 
e May 3 1470 
in June 2 1885 
v2 July 2 2098 
s August 7) 2127 
- September 1 2036 
s October 0 1541 
* November 2 1224 
“ December 2 1145 
19 
1915 .| January ih 1210 
r February 1! 1197 
= March 2 1091 
4 


It is to be noted in the above table that the mileage obtained 
by pantagraph shoes decreases in the winter months and in- 
creases in the summer months. This is due to the fact that it 
is necessary to raise the tension on the upward motion of the 
pantagraph in the cold weather, on account of the slight rais- 
ing in the contact wire, caused by contraction. 
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RULES AND REGULATIONS 


A book of rules has been issued for the instruction and guid- } 
ance of employes in the electrical department, as well as the 
other departments. Particular emphasis is laid on rules of 
safety and it is made clear to all the men engaged in high-ten- 
sion work that great care must be taken to avoid coming in 
contact with any electrical equipment. The men are care- 
fully examined in all the rules, as well as to their knowledge - 
of general high-tension work. The following are some of the 
rules which the men are required to obey under penalty of 
dismissal : 


All high-tension feeders, catenary wires, busses, oil switches and 
other high-tension apparatus, shall be considered alive at all times and 
shall be considered dead only when specified by the proper authority. 

Employes whose duties require them to work in the vicinity of or 
in direct connection with, any high-tension apparatus, trolley wires, 
feeders or busses, are cautioned against the dangers involved and are 
forbidden to engage in such work unless duly authorized and properly 
protected. 

No attempt shall be made to work on any of the 11,000-volt system, 
namely, feeders, trolley wires, anchor bridge apparatus, bomb fuses, 
lightning transformers and high-tension telephone lines, while it is alive. 

If at any time there is doubt about the condition of any piece of 11,000 
volt apparatus, no work is to be attempted. In case of feeders 
or trolley wires, which are always to be considered alive, no work is to 
be attempted until they are properly ‘‘ grounded” in the immediate 
vicinity of point where men are to work. 

A proper ground will be established by connecting, by means of a 
clamp, one end of a piece of stranded copper cable, not.less than No. 
0000 in size, to any iron work known to be connected to the running 
rails of the railroad and the other end connected to the feeder or trolley 
wire by a second clamp, this clamp to be operated by means of a pole 
at a distance of not less than six feet (6’) from below the feeder or trolley. 
The ‘“‘ ground” end of the wire must be applied first while grounding 
a feeder or trolley, and removed last while clearing or removing ground 
from feeder or trolley. 

. No 11,000-volt switch will be operated except by means of dry wood 
poles provided for the purpose. Operator’s hands must never be placed 
at a distance less than six feet from live end of pole. 

No work shall be attempted on any 11,000-volt automatic circuit 
breaker or 11,000-volt transformers, without first disconnecting it from 
power supply, by means of disconnecting switches provided with the 
apparatus. 

No work shall be attempted on one or more transformers which are 
connected together for three phase operation without first disconnect- 
ing all transformers of the group from power supply by means of dis- 
connecting switches provided for the purpose. 
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No unauthorized person shall be allowed in the vicinity of unpro- 
tected apparatus or allowed to assist workmen engaged on 11,000-volt 


apparatus. 


Also, the following instructions are issued to all employees of 
the road, so that they may be properly guided and instructed 
with reference to the electrical equipment. 


Ali employes, except those who are properly authorized, are forbidden 
to enter upon or climb any catenary bridge or pole, signal or anchor 
bridge. 

All employes, except those who are properly authorized, are forbidden 
to go within six feet of any high-tension apparatus, feeders or busses. 

All employes of this Company, except those who are properly au- 
thorized, are forbidden to climb upon the roof or superstructure of any 
car, locomotive or other equipment. 


As the entire handling of the power on the line is done by 
one set of men, namely, the load despatchers, who have entire 
jurisdiction over the cutting in and cutting out of the various 
high-tension lines, a special set of instructions has been issued 
for this purpose. These instructions cover the method of 
opening and closing high-tension circuit breakers, etc. Por- 
tions of these instructions are shown below. 


INSTRUCTIONS TO LOAD DESPATCHERS 


If, for any reason, a track wire is desired cut out, Load Despatcher 
will first take up the matter with the Train Despatcher and get his 
O. K. by a written message transmitted by telephone before the track 
wire is cut out, in order that there will be no power shut off while a 
train is in this section. 

If a ground occurs on the line, Load Despatcher will immediately 
get in touch with Train Despatcher advising him just what tracks are 
out, and if possible, in what particular section ground occurred. Train 
Despatcher will get in touch with all trains in this section and advise 
Load Despatcher if any train in the said section has caused ground. 
Load Despatcher, upon receiving information from Train Despatcher 
that he has no train in this section which reports ground, will throw 
power on line a second time. If power fails to hold on second trial, 
Load Despatcher will not throw power on again until definite informa- 
tion is received from some definite source, either through Train De- 
spatcher or representative of the Maintenance Department, that line 
is clear; this information must be sent in the form of a phonogram. 
If a ground occurs on any track or feeder causing circuit breaker to open, 
a period of at least five minutes must elapse before power is cut in, on 
said track or feeder, unless positive information is received as to the 
cause of interruption. 

Orders to Towermen, Anchor Bridge Operators and Signal Maintainers, 
instructing that circuit breakers or switches be opened or closed, must 
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be done by a written order stating specifically what this operation is to 
be. The men iustructed to carry out the orders will reply when same 
is complete by written message. 

If any circuit breakers open automatically on a ground or for any 
other reason, the Towerman at the point where the circuit breaker has 
opened will inform the Load Despatcher which breaker opened. 

When any men are working on the line that has been cut out, power 
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Fic. 4 


is not to be thrown back until the foreman in charge of the line gang 
has reported by written message to the Load Despatcher that his men 
are entirely clear and all grounds have been removed from the line and 
Train Despatcher notified. 

If at any time pantagraphs are broken on any of the trains and the 
trouble has not been ascertained, no train should be run through this 


=" New York, Westchester & Boston Ry. Co. 
POWER ORDERS 
Maintenance Dept. 


SYMBOL LOCATION 


Fic. 5 


section until the trouble has been ascertained, and it is found safe to 
run trains by the point where the pantagraph was broken. 


INSTRUCTIONS TO TOWERMEN IN OPERATING SWITCHBOARDS CON- 
TROLLING H1IGH-TENSION POWER 
No circuit breakers or switches shall be closed without written orders 


from the Load Despatcher. 
If any circuit breaker opens automatically on a ground, overload 
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or for any other reason, he must immediately get in communication by 
telephone with Load Despatcher and inform him in detail what has taken 
place. It is especially important to note when any circuit breaker opens 
it is not to be closed again without an order from Load Despatcher. 


MAINTENANCE REcORDS AND Costs 


A record is kept of all the failures on the electrical system 
and is shown each day on a blank filled out by the load des- 
patcher and checked by the maintenance forces, and is shown 
in Fig. 4. 

Records are also kept of all lines worked on by the electrical 
forces showing just what lines were taken out of service. This 
report is filled in on a blank, as shown in Fig. 5. 

The table on the opposite page shows the various costs of 
maintenance of the overhead contact system, and for comparison 
the figures are shown for October 1912, shortly after the sys- 
tem was put into operation, and an average for the six months 
ending December 1914. Included in the cost per unit is the 
cost of miscellaneous electric line expenses, which includes 
sectionalizing bridges, sectionalizing equipment, time of men 
while on emergency duty, work train, and in fact, all charges 
which cannot be placed actually against feeders and contact. 

As a matter of comparison, the cost of electrical mainte- 
nance is given per car mile for July 1914 and December 1914, 
as follows: 


Total maintenance per car mile, July 1914...... $ .0156 
Total maintenance per car mile, December 1914 $ .0142 


The above figures include supervision, transmission and con- 
tact system, miscellaneous electric line expenses, work train, etc. 

It will be seen in reviewing the above paragraphs that the 
various difficulties, none of which were serious, and the costs 
involved in overcoming the same, have decreased as time 
progresses, and we would, therefore, assume that the inverted 
peak of the triangle has not as yet been reached. 
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CONTACT SYSTEM OF THE BUTTE, ANACONDA & 
PACIFIC RAILWAY 


BY). bcOx 


ABSTRACT OF PAPER 

A careful study of the general conditions existing on the B. A. 
& P. R. R. indicated that an overhead contact system was ad- 
visable. 

The relatively large amount of energy required per locomotive 
unit made the adoption of the roller pantagraph desirable. 
The weight of this type of collector demanded that the trolley 
line be made as flexible as possible. 

Special hangers, pull-offs, etc., were designed to accomplish 
this result. The cost of the contact system was relatively high 
because of the unusual conditions. 

The operation is quite successful, though some minor troubles 
were experienced in the beginning. 


CAREFUL preliminary survey of the general problems 
involved in the electrification of the Butte, Anaconda 
& Pacific Railway had made it evident that an overhead con- 
tact system was unquestionably advisable, the two predom- 
inating reasons being, that approximately 60 per cent of the 
tracks to be electrified consisted of yards and sidings, with 
numerous switches and street crossings, and that a great por- 
tion of these tracks were in localities where it would be very 
difficult to protect against trespass by the public. 

An analysis of the general traffic conditions had indicated 
that a locomotive unit with approximately 80 tons on drivers, 
and equipped with an aggregate motor capacity of approxi- 
mately 2400 h.p., for maximum accelerating periods, would 
be most economical and best suited to the general service con- 
ditions, two such units being operated in multiple as a single 
locomotive for the heavier freight trains. -Such a locomotive 
would thus require to receive at its collectors from the trolley 
frequently from 3000 to 3600. kilowatts, which would mean 
6000, 3000 or 2500 amperes at 600, 1200 or 1500 volts, ESP or 


tively. 
Trial estimates on total initial costs and final operating ex- 
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penses for the entire electrification had indicated that, for the 
general conditions, direct-current motors operating two in series 
from a 2400-volt trolley fed from two substations, one located 
at each end of the line in existing power supply buildings ap- 
proximately 26 miles apart where no extra attendants would 
be required, would be expected to yield most economical re- 
sults. Higher trolley voltages were considered but were not 
found to be generally advantageous. 

A double-unit locomotive with capacity as described would, 
therefore, require to collect from the 2400-volt trolley during 
acceleration from 1400 to 1500 amperes, or 700 to 750 amperes 
for each collector, one being used per unit. 

While this was known to be well within the capacity of a 
single 4/0 trolley wire fed at frequent intervals from both 


directions, the successful collection of such a heavy current 


from a single trolley wire was a more serious problem. 

Sliding pantagraphs of various types had been developed 
and made to operate fairly successfully for the collection of 
currents up to 150 to 200 amperes under similar operating con- 
ditions but none had given any hopeful indications of collecting 
such heavy currents with reasonably satisfactory life. 

Rollers of various kinds had been tried as substitutes for 
the slider and one of these, made from steel tubing, had been 
found to give very satisfactory results, and on the whole, seemed 
to be the most promising prospect at the time, so that this type 
of collector was chosen for the moving contact device on the 
locomotives. 

A Shelby steel tube 5 inches in diameter and 24 inches long 
was used for making up the roller. The thickness of this 
aes when turned up inside and outside was approximately 

g inch. A wooden lining was originally forced inside the tube 
whieh was expected to hold the tube together until the spark- 
ing had called attention to the necessity for its removal in case 
it wore through the metal. 

Removable bearing housings of aluminum metal were fitted 
into each end of this tube, two phosphor-bronze sleeve bear- 
ings being installed in each housing, between which was an 
oil chamber for containing the lubricant. The complete roller 
revolved about a 3-in. steel shaft which was fixed at each end 
by clamps to the pantagraph frame. 

The completed roller with lining, bearings and spindle weighed 
approximately 31 lb., as against about 5 lb. for the corres- 
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ponding contact element usually adopted for the sliding panta- 
graph. r 

This comparatively heavy contact device could not be ex- 
pected to respond so readily or so gently to hard or uneven 
spots in the trolley wire as does the lighter slider. Besides the 
increase in weight, the rapid revolving of the roller at high 
speeds would tend to increase the difficulties unless the balance 
was almost perfect. These difficulties were foreseen from the 
beginning and as it was realized that the weight of the roller 
could not be materially reduced it was decided to adopt prac- 
tically the standard pantagraph frame with such changes as 
were necessary for the substitution of the roller, and to turn 
to the trolley line construction with a view to removing the 
most serious objections to the roller by avoiding the hard or 
uneven spots in the trolley line, which seemed to be its greatest 
enemy. 

The pantagraph as originally installed on the locomotives 
is illustrated in Fig. 1. One such pantagraph was put on each 
freight locomotive unit and two on each passenger unit, though 
only one pantagraph is used at a time, the extra one being a 
spare one for use in case of trouble, thus to avoid unnecessary 
delay. All main line freight trains are operated by a double- 
unit locomotive with both pantagraphs in contact with the 
trolley wire and connected in multiple by means of a bus line 
run on top of the locomotives, with a jumper connection be- 

‘tween the two units. 

In case of accident to either pantagraph on these trains a 
single pantagraph is capable of collecting the current for both 
units for the completion of the trip. The operation of this 
pantagraph in service is detailed further on in this article. 

In considering what might be done by way of improving the 
design of the overhead line construction so as to make it more 
adaptable to the satisfactory operation of the roller pantagraph 
evenness and flexibility were the qualities most desired. 

The introduction of catenary construction with hangers at 
frequent intervals had accomplished much in these directions, 
especially the first, and gradual improvements had been made 
toward simplifying and cheapening this type of construction, 
though perhaps the importance of flexibility had not been fully 
appreciated until the heavier types of collector became desirable. . 

Attention was directed to the redesigning of all hangers, pull- 
offs and other of the line material which tended to add unevenly 
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distributed weight or local stiffness to the trolley wire, the re- 
sult being the development of a new line of this apparatus. 

The new hanger was made up of 2 by 4-in. flat strap with a 
malleable iron ear secured by a 4} by 14 4-in. carriage bolt. This 
hanger allows the greatest possible a movement of the 
trolley wire, or more than the upward pressure of the two panta- 
graphs of a double unit locomotive operating with a tension of 
35 to 40 lb. each against the trolley wire will normally raise it, 
before any resistance from the messenger is encountered, since 
the loop extends for almost the entire length of the hanger. 
The hanger is simple in construction and easily installed as the 
loop is merely thrown over the messenger and the two ears car- 
ried by the loop strap are secured by the single bolt which at the 
same time clamps the Ps Face We jaws into the grooves of the 
trolley wire. 

The design of the jaws gives Hiperal clearance for the roller and 
would readily permit the operation of a trolley wheel should such 
for any reason be desired. 

The weight of the complete hanger varied from 14} oz. in 
the case of the 8-in. to 13 lb. for the 28-in. or longest. This 
hanger is shown in Fig. 2. 

As a very large percentage of the trackage to be electrified 
is curve construction, varying anywhere from tangent to 22 deg., 
it was necessary to give most careful attention to the design of 
a new pull-off. The result of the efforts in this direction was an 
entirely new pull-off, by means of which the messenger and 
trolley wires are held in position by separate clamps, from each of 
which runs an individual pull-off wire with a strut between, main- 
taining the pull parallel to the horizontal plane of the trolley 
wire, allowing free vertical movement independent of the mes- 
senger, Fig. 3. 

The double pull-off used where there was more than one 
track is shown in Fig. 4. This pull-off, while an improvement in 
some respects over former designs, was not as satisfactory as the 
single pull-off, as it proved to be heavier and less flexible than 
was desired, causing slight sparking when a single pantagraph 
passed underneath it at medium speeds. 

The design has been revised and future construction will be 
considerably improved. 

Rigid pull-offs as shown in Fig. 5 were used at some points but 
were found to be subjected to much the same objections as the 
double pull-offs because of the sparking due to similar reasons. 
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The type of splicing sleeve used is shown in Fig. 6. It is made 
of sheet steel with a malleable iron removable shoe which gives 
a smooth underrun for the roller, and may be replaced when 
worn out before the body of the holding member proper is in- 
jured. 

The wire is securely held by a drop forged wedge with sharp- 
ened teeth, without bending the wire or diminishing its tensile 
strength. 

Fig. 7 illustrates the form of wedge grip clevis used for dead- 
ending the trolley and messenger wires. This had double wedges 
with sharpened teeth similar to those for the splicing sleeve. 

These are readily installed with'a hammer, which together 
with their low manufacturing cost and ease of adjustment in 
service, makes their use economical as well as satisfactory. - 

The question as to the use of wood or steel poles for the sup- 
porting structure was not a difficult one, owing to the general 
conditions and the nearness to the best of markets for good 
Idaho cedar poles which made their use more economical when 
compared with the cost of steel structure. Some consideration 
was given to the use of steel structure in some of the yard con- 
struction where as many as eight tracks were to be spanned, but 
even here it was finally decided to use the wood poles, though the 
general advantages were not so great as on the main line con- 
struction. However, steel supporting structures were used on 
the double-track steel trestle running from the concentrator 
yards up over the ore storage bins alongside the concentrator 
buildings, Fig. 7a. These tracks are approximately 4 mile in 
length. The steel supporting structure was made up at the 
smelter and the cost of same is included in Table II. 

A further item of unusual character in connection with the 
trolley line construction was that required for about 1 mile of 
track alongside a slump pond from which the sediment is taken 
by means of a drag line scraper bucket operated from a cable- 
way suspended between two traveling towers mounted on 
rails on each side of the pond. As the track in question on 
which empty cars are placed for loading is located inside the 
area covered by the cableway, a trolley wire over the center of 
the track would interfere with the loading, and as it was de- 
sirable to use a standard locomotive for the handling of these 
carsy the brackets which supported the trolley and messenger 
wire were hinged at the pole. A flexible wire cable attached 
to the outer end and passing over a pulley anchored on top of 
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the pole was connected to a hand-operated windlass by which 
the brackets are swung upward, carrying the trolley line from over 
the track and clear of the path of the bucket. When the load- 
ing is completed the trolley is lowered to the normal position 
while the loaded cars are removed and replaced by other empties. 
The number of poles and costs will be found in Table ITI. 


TABLE II.—COST OF DISTRIBUTION SYSTEM. 


Cost per item | Cost per mile 

Wa beriista linens seit cicie dete sm si cuscsiele les selene ose $129,027.56 $1417.89 
BEEdee COPDEE: sre Teer ierciete ere) eka ek cuele! wjallesslevape’ scsuahs otalelale 89,697.00 985.68 
Warde Sender VIC oc yay si aihagars sbeiayainy sep Sie nue sep epeneanin a 64,268.31 706.25 
SUIS EAR NIE OR Sac ets tre on onsen 58,213.60 639.71 
Cader TOTES Se a anc Aas RSC ao SOO ee OIC eto ote 27,739.21 304.83 
Galvanized strand Wire... 0) 5 icc esheets penne ee & 26,807.47 294.59 
Copper Om see. meee oy sie aiers. cM Pe 6) 0m 0.0 2eheeiteke, = > ei4 20,564.20 225.98 
TRESS ign IE icra: AO ENERO ENE Ce CRC Gh ORC RPS cc ERR” 7,596.27 83.48 
Crosby: ClupSae «c.c Meatitde ase he wre Shai eon oyelav'e cate crestelcuediae 5,396.17 59.30 
Wood'strain-insulatorsss coceosenise ere ween gia See le Hystete g 59.18 
Engineering and superintendence.............-.. lane 5,289 .30 58.12 
TNS (035 SW Sone oa SRE CReREES 6S Cs Bae eRe ATA rE = eee 3,811.30 41.88 
INO OE LOUS Ge ie Ne uateiies oie ais snare MeteMaieRe's ole 6. Wepave leer al soe. 0:4 3,403.73 37.40 
Sectionalizing switchess..... 2... cece s cece ecole ces oe 3,097.05 34.03 
MnjuTiesiand GamAges,, C6C iia vie\eciatele ls wteysieveies cvelelelaal eres 3,036.56 Beye 
Mittin ee WOLK CALS amr «ss plasee cetiiellern wie slain oelareinlel eels, a6 2,292.61 25.19 
Steeland trom fromMstoClc. sec -eicebenerslol = alo etre stones ea = 2,043.87 22.46 
WMAP OR ATIC CHIN DOE Gah otis 2 ates, + Ale rats alain c Wich eMieloreiereree « 2,013.61 22.13 
er talonwOLke CAUSa te ieisre ticks s1erticvansl atic aie la nietetelta nts sei 1,716.50 18.86 
SHOPIERDEMSESE <i che miteclels 24 clece wieiere sos wisilnleerereln ls ales 0 ee 1,418.59 15.59 
Lightning arresters..) 3). 520 os. sien sas gE arocuskne “1,271.02 13.96 
Pais AHO Se np eteiere cleie chels: loteiteicie: =. «2 slekeisis «hele fe, «1c 901.32 9.90 
Feedersand messenger insulators...........++00s+-00- 842.15 9.25 
GCHEOROLEIATICONOI ©, oaeteiae cresnrersio cutter ere caner NSA NeL s eusyehelens ta) oye 637.00 7.00 
Steel bond protectOrs. 2... woe ee ae fe ewe cine senose os 570.00 6.26 
Splicing sleeves. . 000... ce cece ee este cee reer ncece 294.00 3.23 
Postage, car-fares, CtC........cercere cece ne ccccesencs 238 .62 2.62 
Giwards andisignssijes <6 cise eo sleleieloiee wc erylsrs ols) eel¥lalelel(le 234.08 2257 
Wedge PripSisds. 1 6-6 cote mele wele emcee Smee celtince 130.01 1.43 
Dynamite and fuses.........-+-++4+ insaelodel outta silekers hans 121.36 1633 
Gasoline, solder, etc... .....0cecscseccsccecinecvcoses 100.46 1.10 
Msc ollameoUSitbemis) ss siclac.cietoneus etacereleieun 0 cuerere soos) eisral eee 33,629 .50 369.55 

Gi: So Seek eee ete OO EOD On Pe ImaiEO roa ci $501,787.74 $5514.15 


The question of insulation was not a serious one, as trolley 
voltages up to 11,000 volts had been in operation for a number 
of years and insulation difficulties for such purposes had been 
met quite satisfactorily, so that the question was merely a 
matter of choice between wood and porcelain, the decision event- 
ually being made in favor of wood, as the dry climate in the lo- 
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cality was favorable to its satisfactory service with greater 
general economy. 

The wood strain insulators used are shown in Fig. 8 and the 
number used and costs are given in Table III. 

Insofar as the general plan of trolley construction is concerned 
no very decidedly radical departure from some of the later 
installations was attempted, but every effort was made to sim- 
plify and perfect what has been done before and to adapt the 
construction to the particular conditions. 

A very important item in the way of economizing and simplify- 
ing was the omission of the use of any form of deflector at all 
special work. Some new departures were made in the manner 


TABLE III—SHOWING AMOUNTS AND COSTS OF PRINCIPAL MATERIALS 
REQUIRED FOR DISTRIBUTION SYSTEM. 


Total Units Costs Total 
units per mile per unit cost 
cents 
Feeder copper, lbs...........+- 507,055 5,572 17.69 $89,697 .00 
Trolley copper, lbs............+. 343,030 3,770 16.97 58,213.60 
Cedar:poles. ..).,.. <a. again 4,869 63.5 569.71 27,739.21 
Galvanized steel strand, feet....] 1,553,750 17,074 ayia) 26,807 .47 
Coppenbonds.1. j.8. ee neee rene 32,260 355 63.74 20,564.20 
Crosbyiclips: .... semue heen eee 61,911 680 8.72 5,396.17 
Wood straininsulators......... 15,850 175 33.97 5,385.22 
Anchorirods. 2). 0c. emctireie 6,123 673 55.57 3,403.73 
Splicing sleeves............... 265 3 111.00 294.00 
Wedge grips.. :h.. 2k. Seen 680 i rhe) 19.13 130.01 
Total (icitdsia fess’ all otecovaelelerstered dient etsne eee rel ae bo poads $237,630.61 


of arrangement of the trolley wires at these points so as to insure 
the pantagraphs picking up and dropping them properly. 

At switching points in ordinary trolley construction frogs 
are employed to make the trolley junction, and for pantagraph 
use deflectors are generally required to prevent the pantagraph 
when approaching such a junction toward a trailing switch 
from raising the wire under which it is operating, sufficiently 
above that over the converging track so as to allow the panta- 
graph to get over it without destructive results to either the 
pantagraph or trolley or both. Instead of this construction, 
the trolley and messenger wires which were intended to follow 
the switching track was started several feet ahead of the switch 
from a convenient point for dead-ending, and several inches 
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above the horizontal plane of the through wires, and gradually 
brought down to that plane a short distance ahead of the switch- 
ing point where they were gradually carried away following 
over the switching track. At some points in the yards where 
the parallel tracks leave the ladder track at close intervals as 
many as six sets of wires are in the same horizontal plane and 
all the trolley wires making contact with the roller simultane- 
ously, Fig. 9. 

This construction has proved entirely satisfactory and there 
have been no instances of trouble from the omission of de- 
flectors, which not only lessened the cost of the work but avoided 
much extra weight at points where the supporting structure 
was most taxed. Fig. 10 illustrates.the above construction. 

Air section insulation was used at all points where it was 
practicable and has been found to be advantageous from every 
point of view. Instead of inserting wooden insulators in the 
trolley line where sectionalization was desired, the ends of the 
wires of each section were made to overlap each other the 
length of a pole spacing, the two sets of wires being carried in 
approximately the same horizontal plane but about 12 inches 
apart for a few feet in the middle of the span, from which point 
the dead ends of the trolley wire were gradually carried above 
the path of the collector to its anchorage. 

Thig construction avoids the use of heavy insulators, thus 
preventing hard or heavy spots in the line which are destructive 
to the line and pantagraph alike. With this construction there 
is less objection to subdividing the line itfto a number of short 
sections, which, with the elasticity provided by wood poles 
and catenary suspension, overcomes to a great extent, the 
difficulties arising from contraction and expansion due to 
changes in temperature. 

These sections are passed at full speed without any noticable 
effect on the line or the pantagraph or the least interruption 
of contact. 

Similar construction was used at all anchoring points for 
both trolley and messenger and has been found to be equally 
satisfactory here. Undoubtedly this type of sectionalizing will 
become much more general in the future and means will be de- 
vised for its adoption at points where it is now found difficult 
to install properly. 

Tests were made by cutting the current off of one section and 
running a locomotive from the live section onto the dead sec- 
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tion at low speed and heavy current to see if the arcing between 
the pantagraph and the live trolley wire would be injurious. 
The arcing was surprisingly small and not of a nature to do 
serious harm to either wire or roller. Fig. No. 11 shows the 
general method of installation. 

The effect of such an operation in the case of the wooden 
section insulators used at 600-volt street railway crossings and 
and other points where it was not found convenient to install 
the air type was quite injurious, and though such tests were 
not meant to be given them and the insulators were not ex- 
pected to stand such treatment repeatedly, some of those 
located at street crossings where considerable switching was 
done received the test too frequently and sooner or later broke 
down under the treatment. 

At these street railway crossings it was necessary to use 
two such insulators in the 2400-volt line about 75 feet apart, 
the trolley section in between being called the protecting zone, 
this being made necessary on account of the operation of double- 
unit locomotives with a trolley on each up, and the two being 
connected by a bus line. 

As the first insulator. was usually about i00 ft. from the 
switch and the safety section was not energized until a member 
of the train crew ran ahead and threw a commutating switch 
located on a pole near the street crossing which cut off the com- 
mutating section from the normal 600-volt connection and ener- 
gized it with the 2400-volt current so long as the switch handle 
was held in the full*up position, it frequently happened in the 
earlier period of electrical operation, before the crews had 
learned from actual experience the damage that might result, 
that the member of the crew whose duty it was to run ahead 
and operate the switch did not get it thrown until the loco- 
motive had passed under the first insulator, and as this was 
often done with power on the motors, the arcing that occurred 
when the roller left the live section of the insulator and ran 
onto the dead section carbonized the wood of the insulator 
and the carbonization was extended with each repetition until 
the insulation was finally insufficient and the insulator had to 
be replaced. The insulator originally used at these points is 
shown in Fig. 12. These experiences suggested the advisability 
of a change in ‘the design of the insulator which would render 
the arcing in such instances less destructive, so that the over- 
lapping metal contact strips which originally were attached 
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directly to the bottom of the wood insulators, were replaced 
by other strips which were carried out about four inches away 
from the wood insulation, thus making the distance between 
the strips considerably greater. These strips were attached to 
the insulators by spring hinges, so as to lessen the blow to both 
the insulator and pantagraph. These insulators were quite an 
improvement over the original ones but even they were not 
entirely free from injury when heavy currents were broken 
under the conditions heretofore described. 

The B. A. & P. tracks cross local 600-volt street railway 
tracks at six points, four of which are at street level in Butte. 
Two are at the Anaconda end but these, not being at street 
crossings, avoided the use of the special switching devices by 
arranging with the street railway company to coast over the 
crossing. At two of the crossings in Butte watchmen were 
permanently employed to operate gates for protecting the traffic. 
The electrical switches for controlling the crossing at these 
points were placed on poles near the watchman’s tower where 
he could easily operate them, and were interlocked with the 
gates so as to make it impossible to energize the crossing with 
the 2400-volt current until the gates were closed or to open the 
gates while the switch was in the 2400-volt position. 

Practically no trouble was experienced at these points after 
the watchmen became accustomed to their new duties but at 
the less frequently used crossings where the train crews operate 
_ the commutating switches, some troubles were experienced 
with the switches in addition to that already noted with the 
section insulators. ‘These switches were not expected to open 
heavy currents but the operators were expected to hold them in 
until the locomotive had entirely cleared the protecting zone, 
but occasionally this was not done, or, to aggravate matters, the 
switch was allowed to open only partly while the locomotive 
was still in the protecting zone and when arcing was noticed in 
the switch box the handle was dropped and the switch badly 
burned. These commutating switches are shown in Fig. 14. 
At one point where this trouble occurred a second time, electri- 
cally operated contactors were placed in series with the ordinary 
operating switch on both the 2400-volt and the 600-volt circuit, 
and two sets of contactors being so interlocked as to render it 
impossible for the two sets to be energized at the same time, as 
shown in Fig. 15. 

No further troubles were experienced from this cause after 
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the installation of the contactors. These switches have been 
redesigned for future installations. After the men had become 
familiar with the operation of the switches there were very few 
instances of trouble even with the original switches. 
The trolley line was sectionalized at intervals as shown in 
Fig. 16, which also shows the final feeder arrangement. The 
sectionalizing switches were placed in asbestos lined wooden 
boxes and located on trolley poles well out of reach from the 
ground. An operating lever was located at a convenient point 
on the pole and at a suitable distance from the ground for ease 
in handling, and is provided with a standard track switch pad- 
lock so that no extra key is required by trainmen for its opera- 


Section Insulators} Form L-7 24"Break 
2400 Volt Trolley Protecting Zone Commutating|Zone a 


600 Volt Trolley 
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Fic. 15—D1aGraM oF CONNECTIONS At 600-VoLT STREET RAILWAY 
CROSSING, SHOWING COMMUTATING ARRANGEMENT AND PROTECTION 
FROM 2400-VOLT SysTEM WITH ELECTRICALLY-OPERATED CONTACTORS 
IN SERIES WITH REGULAR COMMUTATING SwiITCH 


tion. The operating handle is connected with the switch blade 
by a wooden rod which provided adequate insulation. 

In addition to the sectionalizing of the main line, these switches 
were used at all yards and at most spurs and ttansfer tracks to 
connecting lines, and at such of these points when the service 
was infrequent, the switch was normally left open. Such trans- 


fer connections were made with four other railway lines viz: 


Great Northern, Northern Pacific, Chicago, Milwaukee & St. 
Paul, and the Oregon Short Line. 

Eleven-point suspension with 28-inch deflection was used 
throughout with pole spacing, hanger length and pull-off arrange- 
ment approximately as per Table II. 
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Approximately 10 per cent of the 91 miles of track electri- 
fied was bracket construction, which was used on nearly all 
tangent single track. These stretches of tangent track were so 
short comparatively and the percentage and degree of curvature 
so great, that it was unnecessary to make any speciai provision 
for staggering the trolley wire. Approximately 38 of the 91 
track miles would be classified as route miles, leaving about 53 
miles, or roughly 58 per cent of yards, sidings, spurs, etc. These 
53 miles were made up principally of eight yards located at 
Anaconda, East Anaconda, Silver Bow, Rocker, West Butte 
and Butte on the main line and the concentrator bins, storage 
bins, and Butte Hill yards on branch lines. . Fig. 17 shows a 
map of the relative location of these yards and spurs, as well as 
the number and arrangement of the tracks, etc. : 

The East Anaconda yards contained 12 tracks inclusive of 


BAS P.RY. 
EAST ANACONDA YARD 


Fic. 18—East ANACONDA YARD, B. A. & P. Ry. 


that for the main line, approximating about five miles aggregate 
trackage, being the largest yard on the system, a plan of which 
is shown in Fig. 18. Eight of these tracks run almost the entire 
length of the yard, which is approximately one-half mile in length. 
These eight tracks are spanned by double messenger span wires 
supported from a pole line on each side spaced approximately 
110 ft. apart. The details of this construction with dimensions 
are given in Fig. 19. 

At the western end of the yard there were four additional stub 
end tracks where a third pole line was erected to form the out- 
side support for the wiring of same. 

This eight-track span construction has stood up well and is 
quite satisfactory. All the construction in the yards and spurs 
was of the standard catenary type and entire freedom from any 
kind of trouble with it would seem to fully justify any additional 
expense that such may have required. 
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The construction work was practically completed in October 
1913, though some small extensions were made on Butte Hill 
in 1914 and are included herein. 

Fig. 20 illustrates the form of weekly report that was made to 
indicate the progress and general condition of the work during 
construction. As this was the last such report made it repre- 
sents practically the completed construction and indicates how 
nearly the original estimates correspond with the final results 
besides giving many other details of useful interest relative to 
the nature of the work. 

This report was not intended to cover other than the regular 
construction and, therefore, does not include the entire list of 
all the items mentioned, and as heretofore mentioned, some 
further short extensions were made at a later date. 


2 Wraps around pole span and guy 
8 Pole shims 2 Hooks for guy 134 «12" Stick . 
2 Gresbys each joint §g Turnbuckle 12” Opening 2 Crosbys each joining guy 


si 56 Crosbys 


9! 44s" if Strand S.M. 


1 Wrap around pole—Z 
steady 


cae === ; ain 
Y% Crosbys 27% 3 Strand S.M 


Mess. Hangers 20! 


144" 12" Stick 


5g Strand SM. 2 Crosbys each joint 


er ee cy) 
~10' 14,1 rhe 14,2" ake 15" ~ ak -13,9/-rh 14.2% she 17.8% oe -14.2"-ok 19" 
Ar oc An a ce z'2z S z2'2 


¥3 Strand S.M. 
44 Thimble 
i 


eee 
8x 8° Timbers 
3° 3x4 Washer 
6’x1" Anchor Rod 
Fic. 19—DiIMENsSIONS oF Cross-CATENARY SPAN CONSTRUCTION, EIGHT 
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Note: 12” Stick in all spans = 12” clear wood. 
Max. distance between cross spans =110 feet. 


The total cost of the trolley and feeder system inclusive of 
bonding and all changes made necessary in the way of clearance 
for poles, wiring, etc., such as relocation of tracks, telephone, 
telegraph and light wires, etc., up to the fiscal period ending 
June 30th, 1914, as reported to the Interstate Commerce Com- 
mission, was $501,787.74. This would make the average cost 
of the overhead system including feeders and bonding per 
track mile $5,514.15 or per route mile $13,381.00. 

An itemized list of these costs is given in Table III, while 
the amounts and unit costs of the principal items involved will 
also be found in Table III. The total costs given are from the 
official records of the Railway Company, which are classified in 
accordance with Interstate Commerce Commission regulations 
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as appears in Table IV, which includes the entire cost of the elec- 
trification. 

The whole of accounts Nos. 12, 16, 19 and 22 and such portion 
of No. 1 as was directly in connection with the distribution 
system is taken as the total cost of that system. 

The listed items in Table II are approximately correct, 
though in some instances there was some question as to a proper 
allocation. However, the general results are as nearly correct 
as is practicable, and even the slightest variations in local con- 
ditions would easily offset any likely discrepancy in the pro- 
portioning of these costs. The sum of the listed items was sub- 
tracted from the total cost and the remainder listed as mis- 
cellaneous thereby covering all items of materials and labor, 


TABLE IV—COSTS OF THE ELECTRIFICATION OF THE BUTTE, ANACONDA 
& PACIFIC RAILWAY CLASSIFIED IN ACCORDANCE WITH INTERSTATE 
COMMERCE REGULATIONS. 


Account No. 1. Engineering and superintendence (including general 


preliminary, report) .o.-b nese See $10,937.15 

3 “12. Roadway tools (used for construction 19 & 22)....... 3,851.74 

Ls “~ 16. Crossings, fences, guards and signs mostly for signs... 234.08 
i “17. Interlocking and signal apparatus, new system re- 

quired account of electrification................. 22,367 .62 

7 “19. Poles and fixtures (approximately 91 miles brack)e. a. 135,263.98 

‘3 “22. Distribution system—(approx. 91 miles track wired) 357,009 .45 

a “25. Substation building—(existing building used)... tase 191.15 
us! por ot it Electrical Equipment—(5 1000-kw. motor-gen- 

36. f erator sets and 17 locomotive units)............. 671,764.78 

e " <ZU3s Inberest + 5. Boece kel oon on eae ae ee ee 9,975.80 

Total 2g... Pee ae eae ee eee $1,211,595.75 


etc., not definitely specified, leaving no question as to the total 
cost. 

All this construction was done while the road was under full 
operation and under many conditions which tended to increase 
the cost above the normal. 

The principal items tending to increase the cost were the 
large percentage of curves and special work, high price of all 
labor, interference of foreign wire, changes in location of tracks, 
walkways, platforms, buildings, trestles, bridges, etc., necessary 
on account of the electrification, extra heavy traffic on the main 
line, due to the use of fifteen miles of same by a transcontinental 
line for all traffic while a connecting link for this section was 
being built, strike of electrical wiremen, cold weather, varia- 
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tion of ground condition, number of street railway crossings, 
ELCs eLC. 

It is not likely that the average steam road would encounter 
so many obstacles of this nature in undertaking the electri- 
fication of its lines, for seldom would there be found more com- 
plications than in this case where the nature of the work being 
required for a mining and smelting industry of such magnitude 
calls for many varieties of structures and conditions not usually 
to be encountered in ordinary railway electrifications. 

The work was begun in the summer of 1912 and was just 
reaching a state of efficient organization when the electrical 
witemen went on strike tieing up the entire work from June 
to October, about three months of the most favorable part of 
the year for such work thus bringing the heavy part of the 
work in the middle of the winter when the weather at times 
was 20 degrees below zero. During the three months cessation 
of work the engineering and supervision force was continued 
at a very low percentage of efficiency and this delay contributed 
in various other ways to an increase in the cost of the con- 
struction. 

Some of the items of expense in connection with changes 
made in existing construction and charged against the distri- 
bution system, are approximately as follows: 


New telephone line on trolley line poles.........-...-+ee eee eeeeeees $7,850.64 
Changing light, power, telephone & telegraph lines...........--.----+ 4,273.15 
Changing street railway CrossingS......2. 66-0 e ee cere tee ee teens 1,546.65 
Relocating railway tracks. 06.02.20 5. styne se tien ee teen yes ce eee 815.90 
Raising crip SHedsaer osc aa. clare gales cles cles one sie, ae sipiekele nis efoiereicte akemere 785.54 
Changing station platforms........ 00... eset eee tt eee ete eens 693.29 
Raising wagon bridges.......... seen eee eee e ee eee pee tt eee e es 361.52 

SFG Cpe ete eee Sa ters earodae ei efrae ohare afaiat:sieu'e:scatabeustes aig $16,326 .69 


The new telephone lines in the foregoing list were run on 
the trolley line poles and were for the purpose of enabling the 
train crews to communicate with the dispatcher from any loco- 
motive on all of which telephone instruments were installed to- 
gether with a standard rod for making electrical connections 
with the wires at any point along the line. 

The above list is by no means complete though it gives an 
indication of the various items represented in the total costs 
of the system. . 

Combining eleven payrolls gives the following classification 
of labor: : 
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Avge. Approx. 
Days per day Total 

Blacksmithsiand helpers.(nwmc- iste = colores sleie Ny 3.08 $110.58 
Boilermakers “ baht oe Wee ae ha SS ede 26 3.76 97.78 
Carpenters ee CEA eerie cme ano Df 17 4.40 75.56 
Machinists “ ee cfs tolsiecchsnsuctata, Revs cultasient bees 15 4.33 64.91 
Electricians “ Be etisla encase ath oe ete aT 3,580 yo7Gil 20,544.09 
Pipefitters a! PERE Ad as d.0.8 (opal atovatewne Ries w 3.80 7.69 
Wah orers San teers acre sie casvemiele ciate in cienot er eee 3,035 3D6 28,611.53 
TLeatusters (hi ae aca ei ats ah ree 35 3.25 106.96 
ilectricaldoremant, .\eS41 oa. sepereien eee i 835 6.35 5,300.62 
Boremlerivtaur. somata scusosn spacer tevcus ke. Meena 665 6.06 4,030.82 
Clerks 3.7050 stakes cite oe ee ee 500 3.35 1,670.42 

eh a sh CU aces Co ee eee A don Sad dar 13,73% $4.41 $60,620.96 


These eleven payrolls represent the principal items of labor 
in connection with the erection of the trolley and feeder wires, 
being that for the regular forces engaged in this work and 
charged against account No. 22, Table IV. 

Time and a half was allowed for all overtime and double 
time for Sunday work in the case of electrical workers. 

Wages and perhaps most materials are somewhat higher in 
this locality than in any to the east of it or than in most any 
other of the western states. 

The operation of the overhead system as a whole has been 
quite satisfactory in every respect for there have been prac- 
tically no troubles with it or delays to traffic on account of it. 
There were two instances of wires slipping in the splicing sleeves 
due to the wedges not being properly driven up. One of these 
instances was in connection with the trolley wire and the other 
with the messenger. In both cases the results were negligible 
as in the first the trolley hangers slid back along the messenger 
much as the rings hanging a curtain slide along the supporting 
wire until the tension was all out, the trolley being held clear 
of the ground by the messenger; while in the second instance 
the messenger slid back through the loop of the hanger until 
the tension was relieved but was supported clear of the ground 
by the trolley wire, no harm resulting. All that was necessary 
to remedy the trouble in either instance was to pull the parted 
wire back into position and properly wedge it into the sleeves. 
There have been two instances of the trolley wire parting due 
to improper welding of the metal in manufacture and other 
similarly negligible instances common to such installations. 
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The most serious interruption that occurred was originated by 
the blasting out of some old bridge piles by the section men of a 
paralleling railway. A fragment of the pile was blown against 
a telephone wire, carrying it across the 2400-volt trolley. This 
telephone wire ran through the switching boards in all the sta- 
tions along the line, some of which had not then been provided 
with the proper protecting devices. The result was that the arc 
set fire to some of the boards, and in one where the operator 
happened to be temporarily absent at the moment, the building 
was burned, setting fire to adjacent poles and parting both the 
trolley and messenger wires. 

At the other stations involved where the operators were pres- 
ent and could give prompt attention to putting out the arc 
started, no serious damage resulted. 

The maintenance men who took charge of the trolley system 
were put on October 1, 19138, consisting of a foreman and two 
linemen who could requisition other assistance when occasion 
demanded. The cost of maintenance from this date up to and 
including March 31st, 1915, covering the first 18 months opera- 
tion is given in Table V. 

Beginning with July, 1914, these accounts were kept more in 
detail. These expenses include some rearrangements of feeder, 
etc., and the cost of some special instruments for bond testing 
and tools. The average cost of the maintenance of the distri- 
bution, system inclusive of the track bonding for the 18 months, 
has been at the rate of $109.13 per track mile per year. 

Taking the last nine months, during which the costs were 
segregated more completely, gives the following results: 


Poles 

and 
fixtures | Trolley Feeder Bonding Misc. Total 
TabOriipe hore oe $1915.35 |$2115.60 | $460.75 | $453.45 4945.15 
Material: se eeety cute en 71.80 32.74 601.09 488.58 367.94 | 1562.15 
otal in ates $1987.15 | 2148.34 | 1061.84 942.03 367.94 |$6507.30 
Rateper year, six. hese 2649.53 | 2864.45 | 1415.79 | 1256.04 490.59 | 8676.40 

Rate per year per mile of 

LINAS, Niles acces Me aie 29.12 31.48 15.55 13.80 5.39 95.34 
Percent labor.......... 96 98 43 48 76 
be material,....... 4 2 57 52 100 24 
@ Of total,..0. 2. 4 31 33 16 15 5 100 
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To ascertain the rate of wear on the trolley wire, measure- 
ments were recently made on the Smelter Hill line where the 
traffic is heavier than at any other point and where the electric 
service has been in operation longest, or just about two years. 

The original diameter of the wire vertically was supposed to 
average about 0.482 inch. The minimum diameter found where 
the measurements were carefully made was 0.470 inch. The 
average of a number of measurements was 0.475 inch. Itis 
usually considered safe to allow a 4/0 trolley wire to wear down 
to 0.350 inch thus allowing a wear of 0.132 inch. If the maxi- 
mum wear of 0.012 inch as found for the two years is taken as 
the average during the useful life of the wire, which is at the 
rate of 0.006 inch per year, the wire can be expected to last 22 
years. At this portion of the line there has been an average of 
approximately 50 passages of pantagraph rollers per day which 
for two years would be an aggregate of 36,500 passages or 18,250 
per year indicating 3041 passages per thousandth of an inch wear. 

It is perhaps questionable as to whether the first few months 
wear on the trolley wire would be at the same rate as after the 
contact surface had become greater. The outside surface of the 
wire might be slightly harder than the interior and thus the 
wear be less at the beginning, while on the other hand when the 
wire is new the contact area with the roller is quite small and the 
pressure per unit area together with the increased current density 
might cause more rapid wear. From such data as is at hand it 
would appear that the rate of wear on the trolley is greater at the 
beginning and decreases as the contact area is increased. Ex- 
tensive tests with a sliding contact, where the operating condi- 
tions were varied as to the amount of tension against the trolley 
wire and current collected, almost invariably indicated that the 
rate of wear decreased as the area of contact increased, and there 
seems no reason to suppose that the same would not be true in 
the case of the roller collector, so that the average life of the trol- 
ley wire in this service should not be less than 20 to 25 years. 

The roller collectors adopted for the service and described in 
the beginning of this article have performed their work in general 
equally as well as had been expected of them, though at the begin- 
ning of the electrical operation a number of minor improvements 
were found desirable. The rollers were operated against the 
trolley with an upward pressure of approximately 35 lb., the prac- 
tise being not to readjust so long as the tension was not above 38 
or below 33 lb., at the average operating height. 


1510 COX: CONTACT SYSTEMS [July 1 


The first difficulties experienced with these rollers was from the 
sticking of the roller in the bearing, which resulted in their slid- 
ing along the trolley wire causing a flat spot or groove which ren- 
dered the roller unfit for further service, if not detected at an 
early stage. 

This sticking was first due to the imperfect alignment of the 
clamping jaws which held the ends of the spindle passing through 
the roller and on which the bushings revolved. As the bearings 
consisted of four bushings 1} in. long, being arranged in pairs, 
one at each end with a space of one inch between the two bush- 
ings of each pair, thus making each bushing substantially four 
inches in length, it was possible to clamp the ends of the spindle 
so tightly as to spring it out of line and cause it to bind in the 
bushings until it did not revolve with the ordinary friction offered 
by its contact with the trolley wire. This trouble was overcome 
by more care in the adjustment of the clamps. A little later 
the caps in the bearing heads began to loosen until they bound 
the roller between the clamps and caused them to slide as before. 
A set-screw was provided which prevented the unscrewing of the 
caps and no more trouble from the sliding of the roller was ex- 
perienced until extremely cold weather came and heavy frost 
accumulated on the trolley wire which, on being knocked off 
by the roller lodged on top of the 2 4-inch “ T ”’-iron brace or 
hooker frame support underneath the roller with about 1/16 inch 
clearance, where it piled up and finally clogged the roller causing 
the sliding of same with results as heretofore. 

This difficulty was met by increasing the clearance of both the 
brace and the roller and inverting the ‘“‘T”’ so that the web was 
on the bottom and thus did not offer so large an area for the col- 
lection of the frost. Fig. 13 shows the results of the roller sliding 
from any cause. 

Another defect that threatened trouble at an early stage was 
the removable cast iron wearing plates screwed on to the panta- 
graph head at each end of the roller and intended to guide the 
trolley wire smoothly from the horn onto the roller. 

It was found quite difficult to keep this plate in proper align- 
ment with the roller owing to the wearing down of the bushings 
and the increase in the end play of the roller which allowed the 
trolley wire to hang in the gap between the wearing plate and the 
end of the roller, and when this condition was not remedied 
promptly a groove was soon worn at this point which often made 
the replacement of the plate necessary and sometimes that. of 
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the roller tube as well. This difficulty was removed by the ap- 
plication of a new type of wearing plate which extended out 
slightly over the roller with a prong on either side gradually 
dropping below the line of the top of the roller so that the wire 
passed from one to the other so gradually that there was no point 
where the wire was inclined to catch. The lower end of this 
wearing plate extended out over the upper end of the hornina 
similar manner and avoided the necessity of such careful fitting 
as had been required with the old type where butt joints were 
used. The new wearing plate is shown in Fig. 21. 

The sleeve bearings with oil lubrication were fairly satisfactory 
in the freight service where the average speed was from 15 to 
30 mi. per hr., but when the passenger service was started, re- 
quiring a schedule speed of 26 
mi. per hr., with maximum 
speeds of 45 to 50 mi. per 
hr., the bushings wore out 
very quickly, which allowed 
themsoil to ~ be carried: out 
along the spindle and thrown 
off, falling on the roofs of 
the locomotive and the cars, 
making it necessary to re- 


plenish the oil at the begin- 
Fie. ia Ras RoLtrER DE- ying of each trip. 
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When the bushings became 
worn the roller vibrated con- 
siderably, causing more sparking at the contact with the trolley 
wire and often breaking the truss rods used for bracing the 
pantagraph frame. In some instances these bushings were 
badly worn before they had made 200 miles. 

Experiments were made with grease lubrication, which gave 
promise of good results and which led to some slight modification 
' of the bearings and to a general substitution of grease for oil as 
alubricant. Fig. 22 illustrates the original bearings. 

In the meantime tests were being made with a special roller 
bearings and the results had been so encouraging that it was 
decided to substitute these for the sleeve bearings in all the rol- 
lers as the latter wore out and required to be renewed. Fig. 23 
illustrates the adaptation of the roller bearings to the original 
bearing housings, and Fig. 24 shows their installation in the 
later rollers designed for this purpose. 
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The total padi Gewese made by the electric locomotives 
up to the end of March 1915, was 927,234. The number of 
roller tubes received by the railway company up to that date'was 
123, including those that came on the locomotives and extra 
pantagraphs, bought for spare parts. 

On this date the roller tube stock was as follows: 


5 New rollers complete in pantagraphs. 
29 New tubes in stock. 
20 Partially used tubes on locomotives. 
10 Partially used tubes in stock. 
Total 64 Tubes used and unused, 34 of which are new and 30 partially worn, leaving 
59 tubes that have been replaced. 
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N Old Housing filled with _~ 
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Fic. 23—OrRIGINAL HousInG MopiFI—ED AND FITTED WITH ROLLER 
BEARING 


The master mechanic estimates that the 30 partially used 
tubes are on an average about half worn out, on which basis the 


average miles per roller would be eeieet = 11,750, or suppos- 
ing that these tubes were two thirds worn out, the average eee 
per tube would be sah = 11,030 miles. 


In this connection it should be noted that eleven of the 59 
abandoned tubes were removed before they had been in service 


1915] COX: CONTACT SYSTEMS 1513 


many miles,on account of the rollers sticking and sliding along 
the trolley until a groove was cut in them, as shown in Fig. 13. 
Some of these tubes were thus injured during the commencement 
of electrical operations before the defects had all been remedied 
but most of them were caused by the frost freezing the roller to 
the T-iron brace underneath, mentioned elsewhere. 

A large percentage of the above mileage was made before all 
the sleeve bearings were replaced by roller bearings or the clear- 
ance of the roller above the T-iron had been increased. 

Comparatively few rollers that were fitted with the roller 
bearings when new, have yet had to be replaced, one such, which 
had been in the passenger service where the average current 
collected is not so great as in the case of the freight service, though 
the speed is considerably higher, made 26,880 miles before it was 
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Fic. 24—NEw BEARING TEU STON AS Be oan Pe IN aa a BY RAILWAY 
COMPANY 


replaced and the average mileage of all tubes with roller bearings 
at the present time is approximately 16,000 miles indicating 
that the roller bearings are responsible for an increase of about 
35 per cent in the average life of the rollers. 

The old sleeve bearings with grease lubrication had to be re- 
newed about each 5000 to 6000 miles, thus requiring about two 
sets of bushings during the life of a tube. The roller bearings 
after making 26,880 miles were in perfect condition and it is 
difficult to judge what mileage they will make, but from present 
indications it is reasonable to expect that they will make at least 
100,000 miles per set. It costs approximately $2.92 in labor and 
material to renew a set of the old bushings. 

The cost of substituting the roller bearings for the bushings 
was approximately $2.20 for material and $2.25 for labor, or 
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$4.45 per roller. It will thus be apparent that the change was 
even more important from the point of saving in maintenance of 
bearings than from increased life of the rollers. The roller 
bearings require comparatively little attention, a small quantity 
of fresh grease being inserted 
at each regular inspection of 
the engine. 

The general repairs to the 
entire pantagraph have been 
likewise affected as the de- 
creased vibration has stopped 
almost. all pantagraph 
troubles. 
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past six months just passed Fic. 25—LatTest Tyre or ROLLER 
. . 5 SPECIALLY DESIGNED FOR USE WITH 
consisted of renewing six 
: é ROLLER BEARING 
wearing plates, the replacing 
of two horns and one cross-bar. The average cost of main- 
tenance of the original pantagraphs with the sleeve bear- 
ings was about $185.00 per month or approximately $3.20 per 
1000 locomotive miles. The present corresponding cost of this 
maintenance is about $35.00 per month or 62 cents per 1000 
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miles, showing a decrease of approximately 81 per cent in this 
item. 
It was found in practise that the wooden lining originally 


pressed inside the tube was unnecessary and this was left out 
when the new bearings were installed. 
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The operation of these roller pantagraphs is, therefore, con- 
siderably more efficient than had originally been expected. 

Two 500,000-cir. mil feeder cables in multiple for the trolley 
and one 4/0 cable for the track return circuits were run on the 
trolley line poles between the two substations and other trolley 
feeders run to the yards which were fed separately or in pairs, 
as per Fig. 12. 

Voltmeter and ammeter readings were taken on a number of 
trains to ascertain the drop in voltage and energy consumption 
a summary of which is given in Table VI, from which it will be 


TABLE VI. 
Smelter hill service. Main line service 
East Anaconda to concentrator Rocker to East Anaconda 
Train Train Train Ana- Rocker 


No. 1°| No. 2 No. 3 | Average |conda to] to Ana- | Average 
rocker | conda 


No. of carsin train... 18 21 25 21.3 64 BT 60 
Gross wt. tons....... 1420 1580 1910 16 33 1335 4150 
Ton-miles, gross.....| 9940 11060 13370 11431 26700 83000 54850 
Schedule speed...... 16)..1 16.2 14.2 15.5 20.1 20.1 20.1 
Avge. amperes-total.. 580 583 667 610 366 380 373 
Avge. volts......... 2327 2277 2276 2293 2325 2345 © 2335 
Avge. kilowatts..... 1350 1327 1518 1398 852 891 872 
Max. amperes....... 860 640 800 767 624 640 632 
Maximum volts.....| 2456 2419 2456 2444 2475 2435 2455 
Max. kilowatts...... 1951 1500 W733 1728 1368 1510 1439 
Total kilowatt-hrs... 580 560 746 629 852 654 153 
Watthours per ton- 

ATUL EWE fa. cileus's).c rene 61.4 50.6 55.82 55.02 31.91 7.87 UBS S743} 
Minimum volts......| 2250 2119 2100 2156 2175 2175 2175 
Max. drop-percent..| 8.4 12.4 14.5 11.8 pha 10.7 11.4 
Avge. drop per cent... 5.3 et) Wed 6.9 6.0 3.6 4.9 


seen that the maximum drop in voltage obtained was 14.5 per 
cent, while the average drop for all readings was 5.6 per cent. 

The readings making up the averages given were taken at 
30-second intervals for entire trips on locomotives in regular 
service hauling normal trains under average operating conditions 
and are, therefore, fairly representative of general results. How- 
ever, there has been a gradual increase in the weight of the trains 
which might slightly affect the average drop in voltage. 

It may be of interest to note that repair work on the 2400- 
volt trolley line is done from an ordinary wooden work car with- 
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out special insulation, with full voltage on the line, and there has 
been no serious cases of shock to the workmen. 

In wet weather it is not considered safe to work from this car 
with full potential on the line, but there should be little difficulty 
in constructing a tower car which would make it quite safe under » 
any ordinary conditions. 

The writer wishes to thank herein Mr. C. A. Lemmon, Chief 
Engineer, and Mr. C. H. Spengler, Master Mechanic of the 
Butte, Anaconda & Pacific Railway, Mr. R. E. Wade, now 
Ass’t. Electrical Engineer of the Chicago, Milwaukee & St. Paul 
Ry., who had personal charge of the construction of the Butte, 
Anaconda & Pacific distribution system,and Mr. C. J. Hixson 
and staff, for assistance kindly rendered in obtaining the data 
contained in this article. 


Presented at the 32d Annual Convention of 
the American Institute of Electrical Engineers, 
Deer Park, Md., July 1, 1915. 
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THIRD RAIL AND TROLLEY SYSTEM OF THE WEST 
JERSEY AND SEASHORE RAILROAD 


BY. Vo Ba DUER 


ABSTRACT OF PAPER 


The paper recites the details and cost of construction of the 
contact systems as originally installed and subsequently modified 
and extended, including third rail, third rail insulators, protec- 
tion, joint and cross bonding, track bonding and trolley struc- 
ture. Operating experiences, as creepage of third rail, sleet 
formation on third rail, deterioration of rail bonds and deten- 
tions to train movements chargeable to failure of these struc- 
tures, are related. The cost of maintaining the various con- 
tact structures for seven consecutive years, in cost per single 
track mile per year, is presented. Results of actual measure- 
ment of third rail and track resistances are also given. 


DETAILED description of the route, arrangement of tracks 
and electrical equipment of the electrified portion of the West 
Jersey & Seashore Railroad has previously been published,* 
therefore none of this matter will be presented here. 
The original contact system consisted of the following single 
track mileage: 


THIRD RAIL. TROLLEY. 
Mam: limes 44... 8 ol citeloeantles Wirauint Lanes aati... one 18.61 miles 
Sidings hiea.d ec «Mea 4.61 miles Sidingsseem. tases 00.04 miles 
‘hocale re cere ae lodars mules Overlapping third rail..00.91 miles 
dlOtal nye en a eee 19.56 miles 


Substations are located approximately 10 miles apart and no 
’ third-rail feeders are used. The substation bus voltage is now 
maintained at 700. Trains of from two to seven cars are op- 
erated. 
DETAILS OF CONSTRUCTION 
Third Rail. The third rail throughout is of the P. R. R. 
Standard cross-section and composition. The rails are in lengths 
of 33 feet, weigh 100 pounds per yard and have a conductivity 
*Blectrical Operation of the West Jersey & Seashore Railroad, B. F. 
Wood, Trans. A.I. E. E., Vol. XXX, 1911, p. 1371. 
ASN 
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about equal to that of a copper rod 1,200,000 cir. mil. The 
composition is as follows: C, 0.62 to 0.75; Si, 0.5 to 0.20; 
Mn, 0.80; Ph, 0.03; and S. 0.05 per cent. 

Each rail joint is bonded with two copper ribbon bonds of 
500,000 cir. mil area each, concealed under special splice bars, 
having solid copper terminals compressed into one-inch holes 
drilled in the rail, as shown in Fig. 1. The rails were drilled for 
the bonds by hand and the bond terminals were compressed by 
screw compressors. 


” 
6 


SECTION 


Fic. 1—Turrp Ratt Bonp AssEMBLY AND SPECIAL SPLICE 


The third rail end approaches are made of cast iron as shown 
in Fig. 2. In order that no special insulator need be made to 
support the end approach, the bottom of which is of different 
shape than the bottom of the rail, a cast iron chair, Fig. 3, is 
used which is designed to fit the regular insulator and to center 
and hold the end approach thereto. The side approach, used at 
cross-overs, consists of a plank mounted at an angle on the side 
of the rail as shown in Figs. 4 and 5. 

At grade crossings and other places where the continuity of 
the third rail is interrupted, each rail is joined electrically by a 
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Fic. 3—Turrp Ram ENnp APPROACH SUPPORT 
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cable jumper of 1,000,000-cir. mil area as shown in Fig.6. The 
cable is drawn into a black bituminized fiber tube, which is laid 
in a solid concrete protection, the stub end of the cable being 
connected to the rail by two bare copper bonds, each of 500,000- 
cir. mil area. A concrete hood fits over the top of the cable 
terminals. 

Fig. 7 shows the relative location of third and track rails, 
which is the same as in the New York Terminal and Long 
Island electrifications. 

Insulators. The third-rail insulators used are of reconstructed 
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Fic. 6—SECTIONAL VIEW OF THIRD RAIL JUMPER 


granite or porcelain, most of which are of the design shown in 
Fig.8. They are held in position by a metal centering cup which 
is secured in the tie by means of a lag screw. The rail rests on 
the insulator and is not fastened in any way, the arrangement 
preventing strain on the insulators when the ties are depressed 
due to a passing train. The insulators are placed on ties 9 ft. 
4 in. long, spaced approximately eight feet, or every fourth tie. 
A new design of insulator, as shown in Fig. 9, has recently been 
adopted because the method of supporting the top protection 
boards has been changed. This insulator permits of placing 
the protection support on the longitudinal center line of the 
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[DUER] 
Fic. 4—View or Turrp Rar SHOWING END APPROACH, SIDE APPROACH 
AND PROTECTION 
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[DUER] 
Fic. 5—View or Turrp RAIL SHOWING ARRANGEMENT AT CROSSOVER, 
PRIOR TO COMPLETED INSTALLATION OF PROTECTION BOARD 
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Fic. 8—Turrp Ratt INSULATOR—ORIGINAL DESIGN 
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tie, the bottom of the support with its lag screw heads forming 
a centering device for the insulator, as shown in Fig.10. This 
insulator is used for renewals as it becomes necessary to replace 
the old insulators. 


Fic. 9—Tuirp Ratt INSULATOR—NEW DESIGN 


Protection. Originally the third rail was equipped with pro- 
tection only at stations, 75 feet on either side of road crossings, 
and in terminal yards, and the construction was as shown in 
Figs. 11 and 12. The bottom casting, attached to the rail by 


PROPOSED 


Fic. 10—MErtHop or SuPPORTING PROTECTION WHERE NEw INSULATOR 
Is USED 


a hook bolt, which supports the whole protection structure, is 
shown in detail in Fig. 18. A maple post, attached to the bottom 
casting by a bolt, supports the top casting, Fig. 14, to which are 
bolted the ends of adjacent top protection boards of two-inch 
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plank which average seven feet in length, this distance therefore 
being the spacing of protection supports at stations. At end 
approaches the top protection board extends slightly beyond the 
last support, therefore the top casting here is modified by 
eliminating a part of the vertical web, as shown in Fig. 15. 
The bottom casting, Fig. 16, is also modified to fit the end ap- 
proach casting. 

Opposite all station platforms, the rail is further protected 
by a plank fastened to the side of the rail. In most instances 
the third rail is located on the side of the track farthest from the 
station platform. To prevent persons on the platform from 
coming in contact with the contact shoes on the platform side 
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Fic. 11—Tutrp Rai, PROTECTION—CROSS-SECTION 


of the car, there is a protection board mounted flush with the 
platform and supported on castings fastened to the t1ES. ee 
Figs. 17 and 7. 

During the early part of 1912, top protection was added to all 
unprotected rail. Instead of using the old form of attachment 
to the rail itself, the board is supported by wrought iron brackets 
attached to the long ties carrying the insulators, as shown in 
Figs. 18 and 19. Adjacent boards are joined together by means 
of a wrought iron plate. The wood used in the original pro- 
tection was not treated in any way but was given several coats 
of paint after installation; that used in this latter installation 
was given two coats of hot creosote. 
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Trolley Wire. Originally, a trolley wire of span type construc- 
tion was used instead of third rail between Newfield and Millville, 
10 single track miles, and between South Gloucester and Haddon 
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Fic. 13—Tuirp Ratt ProtecTtion—Bortom CASTING 


Avenue, Camden, 9.56 single track miles, on account of these 
districts being thickly settled and the tracks at grade, but in 
March, 1910, the trolley wire on the Millville Branch was replaced 
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Fic. 14—Tuirp Ratt PROTECTION—Top CASTING 


by third rail of the same construction as that of the rest of 


the road. The trolley wire is No. 4/0 grooved section, supported 
by % inch galvanized steel stranded span wires at a height of 
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Fic. 12—ViEW SHOWING ORIGINAL PROTECTION, END APPROACH AND 
CABLE JUMPERS 


Fic. 22—VigEw Or CAMDEN YARD 
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22 feet above track rails. The supporting poles are mostly of 
wood and are spaced at a distance of 100 feet. Through 


Camden, tubular steel poles are used and, wherever practicable, 


Fic. 15—Turrp RAIL PROTECTION AT END APPROACH—ToOP CASTING 


the high tension transmission poles are used as supports. There 
are two 750,000 cir.mil. feeders between South Camden Substation 
and Haddon Avenue, Camden, and one 500,000 cir. mil. feeder 
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Fic. 16—Tutrp RAIL PROTECTION AT END APPROACH—BOTTOM CASTING 


between South Camden substation and South Gloucester. 
The feeder formerly used between Newfield and Milville was 
750,000 cir. mil. area. Multi-gap lightning arresters are installed 
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approximately 1000 feet apart. All pull-offs, strain ears, feeder 
ears and splicing sleeves are of bronze and of standard pattern 
Track Bonding. The track rail joints are bonded similarly 
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Fic. 17—PLATFORM PROTECTION SUPPORT 
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Fic. 18—Deraiy or Turrp Rai PROTECTION BRACKET 


to those of the third rail except that two bonds of 400,000 cir. 
mil area each are used. Bonds composed of 40 copper ribbons, 
7/16 in. by 0.0225 in., were originally used, but experience 
showed that the ribbons were too teadily broken close to the 
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terminals due to the vibration of the joints, therefore stranded 
wire bonds of the same total area are now used with greater 
success. The original bonding was done without interruption 
to traffic and all holes were drilled by hand, one splice bar 
being kept in position to provide for the safe passage of trains. 

Third Rail Cross-Bonding. Opposite each substation a wood 
insulating block is inserted in the third rail of each track, thus 


PRESENT 


Fic. 19—GENERAL ARRANGEMENT OF PROTECTION ADDED IN 1912 


sectionalizing the third rails at these points. Originally the 
third rails of all tracks were electrically connected together 
midway between substations through fused sectionalizing 
switches, normally kept closed to obtain the combined conduc- 
tivity of all rails, so arranged that any of the four sections could 
be disconnected from the rest of the system in the event of 
trouble or heavy repairs. So little trouble with the third rail 
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Fic. 20—Tuirp Ratt DraGRAM SHOWING CrRoss-BONDING 


has been experienced, however, that there was no advantage 
attached to the sectionalizing feature and the switches were 
therefore removed and the third rails were permanently bonded 
together at this point and at two other points between most 
of the substations, as shown in Fig. 20, to obtain greater con- 
ductivity. In terminal yards where there is more likelihood 
of third rail trouble, the rails of the various tracks are fed 
through fuses and sectionalizing switches, so that if trouble 
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develops on one track, that section of the yard can be isolated 
from the rest. The arrangement in Camden Yard is shown 
in Figs. 21 and 22. The fuses here are of 1600-ampere capacity. 


Cost oF CONSTRUCTION 
The original cost of construction was as follows: 


Miles Total cost Per mile 
Third rail, including rail, bonding, insu- 
lators, protection, etc......./.....-. 1staé3 $557,636.00 $4,235.00 
Trolley wire, including wire, poles, line 
material, lightning arresters, etc..... 19.56 80,500 .00 4,120.00 
Track bonding... .<. sek ssty0 en eee 151.29 102,659 .00 678.50 


The cost of replacing the trolley wire with third rail between 
Newfield and Millville is given in Table I. 


OPERATION AND MAINTENANCE EXPERIENCES 

Shortly after the third rail was placed in service it began 
to creep in the direction of traffic, with attendant tightening 
and straining of the jumper sub-end bonds and breaking of 
insulators. The insulator ears were broken off on curves by 
the buckling of the rail and on tangent track by the strain im- 
posed upon them when the protection supports, attached to 
the rail, were brought against the insulators when creepage 
occurred. To overcome the difficulty, the third rail was an- 
chored to the ties at intervals of from 1000 to 1500 feet and the 
practise of periodically loosening the splice bars and oiling the 
joints was instituted. This eliminated the creepage, but the 
anchors frequently gave trouble by breaking down in insula- 
tion, causing delays to traffic, when it was found that the loosen- 
ing and oiling of the joints in itself gave satisfactory results 
and all the anchors were removed. The joints are now oiled 
by the patrolmen every spring and fall. The protection added 
in 1912 was held by supports attached to the ties, as previously 
explained, thus holding it stationary and independent of the 
movement of the rail. 

Although sleet-cutting shoes were used on the cars during 
seasons when sleet was likely to form, with the provision of an 
extra tension device for applying a tension on the shoe of from 
90 to 100 pounds, considerable trouble was occasioned by 
sleet, resulting in numerous delays to traffic. Cars specially 
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fitted with calcium chloride tanks, with means for heating 
same and distributing on the rail while hot, are hauled over 
the road by steam locomotives when sleet begins to form, and 
this minimizes trouble as much as practicable. The addition 


TABLE I 


COST OF REPLACING TROLLEY WITH THIRD RAIL BETWEEN NEWFIELD 
AND MILLVILLE. 


Cost 
Total Per mile. 
Third Rail, 
LaDors ss... svg vatetsreteterenstat «craters ris $ 1,805.48 
Material is. iteme acsretereneesusnetoetarernnte 24,736 .92 
Breight, etege.sccccete niin ations 171.30 ; 
SSS $26,713.70 $2,534.64 
Splices, 
LON oles eminem, “arceon endo n inkn SIO Gina £ 5.00 
Material wis. te-thes oe Rosita 1,155.59 
. ———_—— 1,160.59 110.50 
Bonding, 
Labor}s. 2 2o8. 2) eee $ 1,109.19 
Material « « oseeume cous sfanstobenen 3,318.20 
PreightPravcncs cin oo siere asic’ erersueters 64.50 
———_— 4,491.89 427 .80 
Insulators, 
Labor sc sihove suet a a ereiveerte ers $ 175.24 
Materials. 25455 132 4s. sateen cbtae 2,153.05 
—— 2,328.29 221.74 
Long Ties, 
Difference between cost of long 
and standard ties,............. 1,863 .20 177.50 
Totalial JAE oke Lees $36,557 .67 $3,481.68 
Cable Jumpers, 
Labor)... I eed eee $ 927.00 
Material. . 3573 e-course 2,914.77 
Freight ons sca thicrese hither creatine 29.80 
$ 3,871.57 $ 113.87 per cross- 
Protection (road crossings and sta- ing 
tions only) 
Dabor ost. on. taht noe Jace ae $ 497.59 
Material <5 ...0. 3.» fA cee ae ee 1,953.91 
Rreightisns2.c0c- het wedae cen 108.06 
— $ 2,559.56 0.1347 per foot 
Long Ties, 
Substituting for short ties, 
aborigines saan ttre ee $ 2,065.00 2,065.00 196.50 per mile 


of the top protection to the rail overcomes sleet formation in 
a great many cases but is of little use in this respect when a 
driving wind accompanies sleet-forming weather, in which 
event the chloride cars are used as formerly. 
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The trolley wire is given rigid and frequent inspection to locate 
defects before failures occur. The maintenance cost is about 
six times that of the third rail, as may be seen by reference to 
the table under the heading ‘‘ Maintenance Costs.” 

Third-rail bonds require practically no attention as tests 
indicate little change in their resistance. Road crossing jumpers 
gradually deteriorate and occasionally develop defective insu- 
lation and burn out. Due to the vibration of the track rails 
at joints, the track bonds require testing and partial renewal 
every six months. Any joint showing a resistance equivalent 
to eight feet of rail or over is marked for rebonding. The follow- 
ing table shows the results of a number of track bond tests. 


& 
’ 
Joints Joints Per cent 
Date tested defective defective 
October, 1909 46,633 716 13.63 
May, 1910 46,633 378 0.81 
October, 1910 46,633 381 0.82 


The testing is done by three men working together, and 
between 5000 and 6000 joints can be tested in 10 hours. 


MAINTENANCE Costs 


‘The cost of maintaining trolley, third rail and track bonding 
systemsforthe past seven years is given in Table II. The 
maintenance cost of each system includes the amounts directly 
chargeable to that system and a pro rata charge for general 
expenses as follows: Superintendence; Maintenance, Labor and 
Material; Tools and Supplies; Proportion of Expense of Pur- 
chasing Department; Telephone Operation; Stationery and 
Printing; Tower Car Service for Trolley; Operation of Chloride 
‘Cars for Third Rail; and Bond Testing for Track Bonding. 
Credit is applied for all scrap material of value. The average 
maintenance cost per mile per vear is also expressed in per 
cent of the construction cost per mile. 


TRAIN DETENTIONS CHARGEABLE TO CONTACT SYSTEMS 

Summary reports showing train detentions for all causes 
are not regularly prepared; such reports for the years 1909 
and 1912, however, are available and show the detentions 
chargeable to the contact system as given in Table III. 
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TABLE II 


WEST JERSEY AND SEASHORE RAILROAD ELECTRIC TRAIN SERVICE 
MAINTENANCE COST PER SINGLE-TRACK MILE PER YEAR. 


Year Trolley Third Rail |Track bonding 
1908 $424.25 $53.52 $15.74 
1909 391.81 71.23 21.18 
1910 510.44 76.65 15,28 
1911 376.05 111.99 17.46 
1912 642.44 99.10 21.47 
1913 636.10 86.16 44.95 
1914 450.67 73.54 44.82 
_" Average $490.25 $81.74 $25.84 4 
Per cent of 
investment 11.90 1.93 3.77 
per mile 
TABLE Ill 


WEST JERSEY AND SEASHORE RAILROAD ELECTRIC TRAIN SERVICE, 
TRAIN DETENTIONS CHARGEABLE To CONTACT SYSTEMS. 
YEAR 1909. 
Single-Track Miles of Third Rail, 131.73; Single-Track Miles of Trolley 19.56. 


Numbe1 Minutes 
detentions detentions 
Per cent Per cent| Car miles 
of total of total | per minute 
Total for all Total for all detention 
causes causes 
Third rail short circuits....... =. > 3 0.032 14 0.031 293,340.40 
Third rail out of place. 0.02.5... 1 0.011 8 0.019 513,345.13 
Third rail anchor on fire........... 1 0.011 5 0.011 821,353 .00 
Third rail protection out of place... . 1 0.011 ih 0.002 | 4,106,765.00 
Sleetion thirdratl =). oor 4 ae 47 0.510 812 1.818 5,057.59 
Trolley wire trouble............... 253 2.742 1920 4.299 2,138.94 
YEAR 1912. 


Single-Track Miles of Third Rail, 141.73; Single-Track Miles of Trolley 9.56. 


Third rail short circuits........... 14 0.189 82 0.314 56,673.61 
Third rail. outof place. 7405-8 Ak 1 0.014 4 0.013 | 1,161,809.00 
Third rail protection out of place... . 1 0.014 20 0.075 232,361.80 
Sleeton third. Tall. ..c.c act cette 43 0.581 391 1.509 11,885.51 


Trolley wire trouble............... 48 0.649 272 1.049 17,085.43 
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Sleet troubles vary considerably during different years, and all 
detentions due to this cause may occur on one day. The de- 
tentions chargeable to the trolley wire are frequent and more 
or less regular. In addition to the detentions from this ‘cause 
given in Table III, are the following: 


Single track Detentions 
miles of 
Year trolley 
Number Minutes 
1908 19.56 230 2864 
1910 9.56 63 927 
1911 9.56 46 165 


THIRD RAIL AND TRACK RESISTANCES 


Resistance of third and running rails, measured by the drop 
ot potential method, are given in Table IV. The tests were 
made directly after the rail bonds had been tested and de- 
fective ones. renewed. Where total resistance of third rails 
and running tracks was measured, the current flowed the 
length of the third rails, in multiple, and returned through the 
running rails, in multiple. 


TABLE IV 
WEST JERSEY AND SEASHORE RAILROAD ELECTRIC TRAIN SERVICE 
Third Rail and Track Resistances. 


pee et eee ee SS SS eee eee 
No. of con- 


tinuous rails |Length| Weight of Totalres, 

measured of rails, pounds No. of per mile 

—— section per yd. third Res. lof single 
Run- |Third| meas- rail per mile| track 
ning (In ured jum- Total] single with 
Inmul-} mul- in Run- pers on res.in | rail in| third 


tiple) | tiple) | miles | ning | Third |Ballast| sect. Weather | ohms ohms rail 


6 0 3.4 | 100 ... |Stone}| .. |dry 42°F).02607| 0.0460 seecs 
4 0 9.0 | 100 Stone Me *, |.07730| 0.0344 | ..... 
0 3 3.4 100 28 5 “ 1.04989] 0.0440 

0 2 OO moat 100 ane 46 i“ “ | ,23520] 0.0523 aralais 

2 1 8.1] 100 100 |Stone}| 20 wet “ |.33628] .... | 0.0415 
4 2 10.9 85 100 |Cinder| 50 f © e85172|0....5.00| 00645 
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TOP-CONTACT UNPROTECTED CONDUCTOR RAIL FOR 
600-VOLT TRACTION SYSTEMS 


BY CHARLES H. JONES 


ABSTRACT OF PAPER 


The paper treats of the various factors which enter into 
consideration in the design of a 600-volt contact rail system. 

The weight of rail to be used depends upon conditions met 
with in each case, but in general, a heavy rail is preferable from 
all points of view. 

The question of quality is rather indeterminate, but in gen- 
eral, it is not advisable to use soft steel until the weight has 
been brought up to at least 80 lb. (36.28 kg.) per yard; how- 
ever, consideration should be given to it above this weight. 

Insulating and supporting isa mechanical problem which 
must be decided upon local conditions. 

The method of bonding and jointing to be used depends upon 
size and section of rail used. With standard rail sections the 
foot bond is the most satisfactory, and with special sections 
of rail a copper welded joint will be very satisfactory. 

Provision must be made to control the expansion and con- 
traction of rail by cutting it into sections and anchoring each of 
these sections. Various methods of connecting rails are des- 
cribed, together with special devices which will be required. 

The costs of constructing a single-track mile of contact rail 
using 50-lb. (22.68 kg.) rail is $3,284.29, while the cost of the 
same amount of 80-lb. (36.28 kg.) rail is $4,028.55. The average 
maintenance cost per mile of rail, exclusive of entire renewal, 
is $80.00 per mile per year. 


HIS PAPER will deal with the various factors which 

enter into the construction, operation and maintenance of 

a top-contact, unprotected third rail located to one side and above 

the gage line of the track rail, on a heavy 600-volt direct-current 

traction system using a gravity type collecting device such as 
that shown in Fig. 1. 

The following elements enter into, and should be given con- 
sideration, in the laying out of such a system: Weight of rail; 
quality of rail; insulating and supporting; bonding and joint- 
ing; anchoring; special work required; method of connecting 
at crossings; cost of installation and maintenance. 

Weight of Rail. Rail weighing from 40 lb. (18.14 kg.) to 150 
lb (68.04 kg.) per yard has been used for this purpose. The 
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lighter weights of rail, 40 lb. (18.14 kg.) to 50 lb. (22.68 kg.), 
were used almost exclusively on the oldest installations of this 
type of contact system and have been in service about 20 years. 
This light-weight rail is not as satisfactory as a heavy one, and 
in recent years has been practically abandoned for a heavier rail, 
except for yard purposes where it can still be used to good ad- 
vantage, since high conductivity is not required, and its life in 
this class of service will be very long. In some instances a 
T iron with its flat surface turned up has been used for contact 
rail in yards to good advantage. For main line purposes the 
lighter rail requires closer maintenance, since it lacks the neces- 
sary rigidity, its light weight will limit its life, while the installa- 
tion cost will almost equal that for a heavy rail. The later 
installations of contact rail systems have used rail varying from 
80 Ib. (36.29 kg.) to 150 Ib. (68.04 kg.) per yard, the larger size 
being used on extremely heavy traction systems. The great 
advantage to be gained by the use of heavy rail lies in the fact 
that a large amount of conductivity can be installed for almost 
the same amount of labor charge as that required to install 
a lighter rail, serving as a contact member only, which will neces- 
sarily have to be backed up by a paralleling feeder system, thus 
entailing a large auxiliary charge for a feeder system, such as 
cost of pole or duct line, etc. If a paralleling feeder system is 
required, even with an extremely heavy rail, the greatest ad- 
vantage of heavy rail will be lost and a medium weight of rail, 
80 lb. (36.28 kg.) to 100 Ib. (45.35 kg.), will give more satisfactory 
results. 

The question of rail section is closely related to the matter 
of the weight of rail to be used and is dependent to a great extent 
upon the gage of contact rail. For weight of rail up to and in- 
cluding 80 lb., A. S. C. E. section is a very satisfactory one to 
use, provided conditions permit it. The distribution of metal is 
such-that it can be easily supported, it is very rigid and is easily 
bonded and jointed. Fora heavier rail it will be well to consider 
the advisability of using a special section which will throw more 
metal into the contact surface and thereby increase the life. 
The question of supporting this weight of rail is not as serious 
as with a lighter rail which is more easily distorted. On one 
system having 40-lb. (18.14-kg.) rail that was installed in 1897 
there are about two years of useful life remaining, on another hay- 
ing 48-Ib. and 50-Ib. rail which was installed in 1895 there are 
about six or seven years of useful life. Another line having 80- 
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Ib. (36.28-kg.) rail which was installed twelve years ago shows a 
very small amount of wear up to date. These figures will give 
some idea of the life that can be expected. The length of rail 
may vary from 30 ft. (9.14 m.) to 60 ft. (18.28 m.) and should 
be determined somewhat by the weight. A light rail up to and 
including 80 lb. (36.28 kg.) may be satisfactorily handled in 
60-ft. (18.28 m.) lengths, thus reducing the amount of bonding. 
For renewal or small repairs on this weight of rail 30-ft. 
(9.14 m.) lengths will be more easily handled and should be used 
although it will be necessary to sacrifice the gain in bonding. 
For rail above 80 lb. (36.28 kg.) in weight, 60-ft. (18.28 m.) 
lengths will be rather difficult to handle and better results can 
probably be obtained with 30-ft. (9.14 m.) lengths. 

Quality of Rail. The conductivity of the rail will vary in- 
versely with the percentage of carbon or manganese allowed 
to remain in the finished rail. The ordinary run of Bessemer 
rail will have a conductivity of about one-tenth that of copper, 
while a rail with a low percentage of carbon will have a conduc- 
tivity one-eighth that of copper, or an increase of about 25 per cent 
in conductivity. The price will increase from 18 per cent to 20 per 
cent on this quality ofrail. Increasing the conductivity will make 
the rail considerably softer, thus requiring more careful handling 
to prevent it from being kinked during installation. It is very 
difficult to remove any kinks that may get in it, therefore the 
alignment may be affected. There is no appreciable difference 
in the rate of wear between the low carbon and ordinary steel 
in the class of service referred to in this paper. Whether or 
not it is advisable to use soft steel for contact rail is a question 
that must be decided for each individual location and for which 
no hard and fast rule can be set dewn. If it is contemplated 
to use a rail weighing less than 80 lb. (36.28 kg.) there is noth- 
ing to be gained, since increased conductivity can be gained by 
using a heavier weight of rail at a slight increase in cost anda 
greater increase in the advantage of a heavy rail. Above 80- 
Ib. (36.28 kg.) rail the question requires careful consideration, 
since the gain in conductivity will cost almost as much as 
equivalent conductivity obtained by adding to the copper in 
the feeding system paralleling the rail. If by using the possible 
gain in conductivity with soft rail the expense of a paralleling 
feeder system can be eliminated, it will be worth while and 
should be done since it will eliminate the cost of providing a 
pole line or duct system for such feeders. On the other hand 
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there is a certain amount of intangible gain to be obtained 
by having a parallel feeding system, especially with the narrow 
working margin that is assumed when the difference in con- 
ductivity of rail would decide the question of whether or not 
a paralleling feeder system would be required. 

Insulating and Supporting. The insulating of contact rail 
for a 600-volt system is more of a mechanical than an electrical 
problem and the type of insulator to be used depends upon local 
conditions, such as the clearance between bottom of contact 
rail and the ground, or whether on the surface or on an elevated 
structure. Impregnated wood, porcelain, reconstructed granite 
and composition insulation have been used with varying re- 
sults depending upon the local conditions. Wherever there 
is any vibration, porcelain and reconstructed granite or insula- 
tors having any castings bolted together have not been satis- 
factory. In general, an insulator should be so designed that it 
will have a large leakage surface, so as to prevent current leak- 
ing across and causing burning during wet weather. It should 
hold the rail from moving sideways, but should allow lateral 
motion during expansion and contraction, otherwise it would 
be tipped or broken with rail movement. It should have a . 
large bearing surface with provision for fastening to the tie 
with heavy lag screws which will not rust out quickly. Fig. 2, 
shows a type of impregnated wood insulator which has been 
satisfactory for various sizes of rail from 40 lb. (18.14 kg.) to 
80 lb: (86.28 kg.). The base casting is the same size for all 
weights of rail, and the length of block and size of top casting 
are varied for the different weights of rail. The spacing of in- 
sulators will vary somewhat with the weight of the rail, but in 
no case should this be more than 10 ft., since a certain amount | 
of deflection will occur and cause the rail to wear in spots. With 
80-lb. (36.28 kg.) rail on straight track, insulators placed about 
7 ft. (2.183 m.) apart on tangent track and 5 ft. (1.524 m.) on 
curved track give good results. The life of an insulator is from 
10 to 12 years under ordinary conditions, although on one 
system a great many impregnated wood insulators have lasted 
from 15 to 20 years. 

Bonding and Jointing. In order to provide for carrying cur- 
rent across joints in the rail it is necessary to provide a low- 
resistance path, since a joint plate does not give good electrical 
contact. This is done by placing a copper bond or bonds of 
capacity equal to that of the solid rail around each joint. This 
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may be done in several ways, all of which have their respec- 
tive advantages and disadvantages. A concealed bond with 
either a pin or pressed terminal under the plate is well pro- 
tected, but cannot be readily inspected and if it does fail and 
start to burn in the terminal the hole is usually burned so 
badly that a new bond cannot be put in the same place, therefore 
requiring a different type of bond for replacement. A long 
bond with pressed or pin terminal applied outside of plate is 
easily inspected, but the cost is very great and mechanical 
protection is poor. A short bond which may be soldered or 
welded to the base or ball of the rail is cheap and easily in- 
spected, but is very difficult and expensive to renew in kind 
under traffic. On an installation now under construction a 
cast copper weld is being made at the joints, in the extremely 
heavy rail that is being used, which will serve the double pur- 
pose of both bond and joint plate. This would seem to be a 
very satisfactory method to use on a very heavy special section 
of rail which would be hard to bond and joint in a satisfactory 
method by any other means. On one system a copper plate 
with an iron protection plate was riveted to the base of the rail, 
thus serving the purpose of both bond and joint plate, but this 
is expensive to install and renew in kind. On standard rail 
section a very satisfactory method of bonding is to use a foot 
bond applied to the underside of the base-of the rail with a 
hydraulic compressor, providing there are no mechanical in- 
terferences, such as wooden guard rails, lack of clearance to 
ground, etc. This bond is about as small as is possible to make 
a bond. It is easily applied, inspected, is well protected from 
mechanical injury and can always be replaced in kind. Bonds 
of greater capacity than 500,000 cir. mils should not be installed 
in any but the welded type, due to the difficulty in obtaining 
sufficient contact surface. If larger capacity is required it 
should be divided between two smaller bonds. 

For jointing the rail, both two- and four-bolt plates have 
been used and from the results obtained it is thought advisable 
to use a four-bolt plate for all sizes of rail, since it holds the 
rail more firmly, requires less inspection and eliminates the 
possibility of having the bolt pulled out of the end of plate as 
sometimes occurs with a two-bolt plate on account of heavy 
strain due to contraction of rail. It will also help out the bond- 
ing, due to holding the joint stiffer and preventing slight motion 
of the bond, which has a great deal to do with the breaking of 


1540 JONES: CONTACT SYSTEMS {July 1 


bonds. Where foot bonds are used it will usually be necessary 
to notch out the bottom of the plate to allow clearance for 
the expanded bond terminal. Keeping the joints tight will do 
more toward maintaining contact rail in good condition than 
any other maintenance operation. 

Anchoring. Due to changes of temperature the length of 
the rail will vary and to control the variation in length it is 
necessary to provide some means to force this expansion to take 
place along proper lines. This is done by cutting the rail up 
into lengths of from 1000 to 1200 ft. and anchoring it in the 
center of these stretches so that when it expands and contracts 
it will take effect in predetermined locations. The method of 
anchoring will depend on local conditions. On surface track 
that is not provided with a wooden guard rail the rail may be 
anchored by attaching several strain insulators of substantial 
strength in multiple to an iron plate which in turn will be ex- 
tended over and bolted to several ties, the other end of 
these insulators to be fastened to the base of the contact rail. 
If a wooden guard rail is used an anchor block consisting of 
a piece of 6-in. by 8-in. oak 2 ft. long, impregnated with a wood 
preservative, may be attached to this guard rail and the contact 
rail in turn is bolted to this block. If it is thought advisable, 
a set of porcelain insulators may be placed between this block 
and the guard rail. These openings between stretches of rail, 
commonly called expansion gaps, may be made in several ways. 
One of these is to use a plate with a slot in one end instead of 
a hole, using long bonds with a loop of slack in them to take 
care of the change in length. This is not very satisfactory 
on account of the ends of the rail wearing very rapidly at this 
joint, and pounding is soon caused by trolley collectors. An- 
other method is to cut and fit two adjacent ends of rail as shown 
in Fig. 3, connecting a long bond around the joint. This will 
give a good running surface and will take care of considerable 
expansion. The best method of providing the expansion gap 
is to end each run of rail with a suitable incline, leaving a three- 
foot space between the stretches of rail. In a good many cases, 
especially on surface track, it will not be necessary to have an 
opening in the contact rail, due to street crossings, special 
work at cross-overs, etc., which will take the place of this ex- 
pansion gap. Fig. 4 shows a good method of anchoring short 
lengths of rail, using a wood strain insulator. 
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Special Work Required. Several kinds of special devices are 
necessary to pick up collecting devices (otherwise called trolley 
shoes) from their free position to the elevation of the contact 
rail. The most common of these is the end incline (Fig. 5). 
This is made from a piece of steel rail having the web cut out 
and the ball bent down to meet the base and a countersunk 
head rivet driven in the end to keep the two parts together. 
This incline should have an angle just sufficient to pick up a 
shoe without causing it to jump, and on the other hand the in- 
cline should not be any longer than necessary, otherwise a heavy 
are will be drawn at the trailing incline when a car leaves the end 
of the rail before it makes contact on the next stretch of rail. 
In some instances a very sharp angle incline has been used on 
the trailing end of a rail, but this is not satisfactory, since at 
any time it might be necessary to reverse traffic on a stretch of 
track and then the incline would be too short, causing shoes 
to jump, thus burning the rail or possibly breaking the shoe on 
the car. At cross-overs where it is necessary to open the main 
contact rail and not leave a space greater than the distance from 
center to center of car trucks without contact rail, it is neces- 
sary to place a short piece of rail on the opposite side of the 
track, starting at a point just back of the heel of the switch 
and extending to a point opposite the continuation of the main 
rail which is just beyond the track frog on the track in question, 
so that a trolley shoe on a car going through the cross-over will 
not strike the main rail. This rail is called a lap rail and in 
general is less than 100 ft. in length. A good method of pro- 
viding inclines on this rail is to have the incline formed on the 
end of a full length of rail. Where a contact rail is normally 
placed on the outside of two adjacent tracks and a cross-over 
is located it is not necessary to have a lap rail, but some means 
must be provided for raising the trolley shoe of a car going through 
the cross-over up onto the approaching rail from the side. This 
may be done by one of two methods. One is to provide a side 
incline approach (Fig. 6), which is nothing more than a straight 
switchpoint with a standard end incline formed on the end. 
This device is attached to the side of a main contact rail with 
the thin end of the point opposite the switch point in the track. 
The angle of the approach varies with the angle of the cross- 
over. Another method is to put in a drop center rail (Fig. 7) 
in the main contact rails opposite the switch points. The bot- 
tom of incline to the drop should be opposite the point of switch 
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in track, the other end of the drop should be back far enough 
so that the trolley shoe on the car coming through the cross- 
over will not hit the side of the main rail. The amount of drop 
in rail should be sufficient so that a shoe hanging in its free 
position over the rail will not touch the rail in the drop. The 
drop rail method is the best, provided there is nothing to in- 
terfere with its use, such as lack of clearance between bottom 
of rail at drop and the ground, switch rods, ‘etc. 

In laying out a storage yard with a number of tracks coming 
off of one or more lead tracks, the contact rail layout requires 
careful consideration otherwise it may be found impossible to 
put in sufficient contact rail to provide for proper operation. 
It is desirable to have a continuous contact surface. This may 
be accomplished by using a side incline opposite each turn-out 
‘switchpoint, or if the yard track centers are not too close, a drop 
center rail may be used opposite each turn-out switchpoint. 
This requires that the distance from heel of switch to point 
of switch on adjacent track should be greater than the distance 
center to center of trolley shoesonacar. Ifthe track centers will 
not allow this arrangement it may be possible to use a combina- 
tion of side incline and drop center, one of these being installed 
at every other switch point. If a ladder track is used in a yard 
with double slip switches turning out from each side of this 
track the contact rail problem becomes very complicated and 
practically impossible to carry out if the track centers are made 
too close. The critical distance is determined by the center to 
center distance of trolley shoes on the cars. In one case of this 
kind with an old yard having 11-ft. track centers and a ladder 
track, it was necessary to take out every other slip switch and 
make its track a turn-out of the adjacent track in order to be © 
able to put sufficient contact rail on the ladder track. Around 
special work it is often necessary to use a number of short pieces 
of rail. These should never be shorter than the distance center 
to center of the shoes on a car otherwise a car may stop in such 
a position that both shoes may be off the rail with a piece of rail | 
between these shoes. This is called a straddle gap. This will 
make the time between losing and restoring power on a car very 
short,so that in many cases the automatic control apparatus 
does not have time to drop out and the equipment will receive 
a heavy jar. In making section or other open gaps out on the 
line this time element of the control apparatus on cars should 
be given consideration, together with the speed of car at that 
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point, so that the time elapsing between losing power and pick- 
ing it up again will allow the control equipment to drop out, 
thus protecting the car equipment. 

Method of Connecting at Crossings. On surface track or ele- 
vated track on solid fill, where it is necessary for one reason or 
another to leave out a piece of contact rail, such as at an expan- 
sion gap, cross-over, etc., it becomes necessary to make the 
circuit continuous by using an underground cable installed in 
_one of the two following methods. 

First, using clay or fiber duct or iron pipe, pulling the cable 
into this and terminating at each end with a cable terminal for 

protection against break down and enclosing the device with 
some kind of insulating and weather protecting casing. (Fig. 8). 

Second, using a steel taped or wire protected lead covered 
and rubber insulated cable, commonly called submarine cable, 
buried in the ground without using ducts and terminating it 
with a cable terminal similar to that described above. The 
connection between these cable terminals and the rail to be 
made with short cable jumpers having enough slack to take 
care of expansion and contraction of rail. This second method 
is considerably cheaper than the first and is very satisfactory 
where there is no possibility of having to dig up a paved street 
if trouble should occur in the cable. Around yards it is neces- 
sary to have many short cable connections between various 
rails and for this purpose the submarine cable works out very 
satisfactorily and it can be attached to the rail without the use 
of a cable terminal by making a short bend on the top and prop- 
erly taping and painting to prevent water from getting into 
the cable. This will require more careful maintenance than 
where cable terminals are used. 

Cost of Installation and Maintenance. The cost of installation 
of contact rail will vary with the local conditions, such as weight 
of rail required, whether the work is to be done on surface, solid 
fill elevated track, or elevated track on steel structure. The 
amount of rail required will determine the price of rail to some 

extent and since this is the largest individual item entering into 

the cost of the installation, the cost of the job will depend on 
this and vary considerably. The working conditions, such as 
outlined above, will determine the cost of labor. The estimated 
costs given herewith are based on the assumption that over 500 
tons of rail will be required and the working conditions are the 
average that are met with on surface track. 


1544 JONES: CONTACT SYSTEMS (July 1 


Cost per mile of single track, using 80-lb. A. S. C. E. standard rail in 60-ft. length. 


5,280 ft. 80-lb.—60-ft. steel—70.4 tons...........-.-. @$27 .40 $1,928 .96 
8 80-lb.—End inclines. 255552) f0). occ a ese io @ 4.75 38.00 
92 Pairs 4-bolt' fish plabess aisccieieacueiens covet etene eas <ueas @ 1.00 92.00 
704 Tneulating chairs yy aeieaies aie neta ltl ist enetel eae @ alts 528.00 
176 400 ,000-cire mils bonds. ye erste oe tke relent @ .90 158.40 
2,112 La guscrewsi.« ssiyiuesey- bua ay: ois etc der reise eae @ -O1 21.12 
4 POXel top ROMO po oom. Soro 5 ah @ 5.00 20.00 
368 Boltssand locle*washers.<.<)a0i-uesrtlaisneteneeners @ 203.4 11.04 
4 Connecting icables ss. <)j.c,cnssaietsucnsy st eieineeeeiee i @ 40.00 160.00 
704 Sawed Ties (Additional Cost)..............- @ .50 352.00 
$3,309 .52 
LABOR: 

Transportation and delivering rail to job... .......--ee ee eeee cease $ 35.00 
Drilling:rail for bonds:,...4 52h peters aoe otal keene ence Oe reneae 52.80 
Setting up rail and insulators.............. et Smee ons 96.80 
Installing bonds‘and’ platesiy ns ser eee) <ieietes <teer anata chet at ote of coer oh tte tateistete! 123.20 
Installing and connecting cables: o2.)m cite siete stonlate ste melolsl ch etnias oles 25.00 
Incidental (Labor) t snsstem cte.+ Wire Oceana 20.00 
$352.80 

Total labor and:materially, das rean eae $3,662 .32 

Engineering and supervision 10 percent.......... 366.23 

Grand total! costiny.usecer «peices $4,028.55 


Cost per mile of single track using 50-lb. A. S. C. E. rail in 30-ft. lengths. 


5,280 ft. 50-lb.—30-ft. Bessemer steel—44.0 tons....... @$25.50 $1,126.40 
180 4-DOlt splice Parsee sieliaee ae eee ete @ atts) 135.00 
8 50 b aiticlines4, SIRS. ace eee ae @ 3.80 30.40 
704 Insulating chairs. tn 19 «space eae cee @ .75 528 .00 
364 4/0 DON dS incest seks ale ae olete a elnka ate Cees okarone @ .45 163.80 
2,112 Lag Screws). :citaaGeldtclone os areteleltete cates anes @ .O1 21:12 
4 Anchorss.3.. <:csitisSeesbeasmctetie «ae Guat cee @ 5.00 20.00 
720 Bolts ‘and lock washers... ..1-u aos aeuci mne @ .03 21.60 
4 Connecting» cables. Wasa.cee ntielae cet eerie @ 27.30 109.20 
704 Sawed ties (additional cost)...............-. @ .50 352.00 
$2,507 .52 
LABOR: 

Transporting and distributing railsec aaa. cha eA ec einen eee oe $ 30.00 
Drilling rail for, bonds... ocsom- eee tide Gee ee eee 88.00 
Setting up railand insulatorse, +a. ect niet rice eee 96.80 
Installing‘bonds ‘and plates: .<. 2.2 ech ees eee ee Lee 218.40 
Installingjand..connecting. .cabletai § et ieee ne ee 25.00 
Pncidentals, ioc... ci0s» sas adeat posta Speegsr ae tata oie ice Nee 20.00 
$ 478.20 

Totallaborand materially... 0k) stene eee ee $2,985.72 

Engineering and supervision 10 percent.......... 298.57 

Grand total) costs... ae ee eee $3,284 29 


The cost of maintaining contact rail will vary during the life 
of the installation from a very low figure during the first few 
years to a maximum during the rehabilitation period when the 
installation reaches a point where it must be practically re- 
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newed, or ties become rotted so that they will not hold the lag 
screws used to fasten down insulators. It will depend on the 
weight of rail used, condition of road bed and will also depend 
on the working conditions under which the necessary mainte- 
nance will have to be done. Where it is necessary to have 
traffic diverted from a track in order to do such heavy mainte- 
nance as may require temporary openings or joints, etc., on a 
high speed road the cost will go up very fast since the labor 
required to do this may even exceed the actual maintenance 
labor. With rail of 80 lb. (82.28 kg.) or greater weight ona well- 
ballasted roadbed the maintenance for five or six years will 
be practically nothing with the exception of periodic inspec- 
tion which should be made to catch any defects before they 
become serious, such as loosening up of the joint plates, re- 
placing a defective insulator, shifting of alignment and break- 
ing of bond. After this length of time the amount of mainten- 
ance will begin to increase due to wearing out of inclines, rusting 
out of joint bolts, etc. At an average cost of $80.00 per mile 
per year the contact rail can be kept in first class condition 
and the insulation changed every 12 years, which is about the 
life under ordinary conditions. This, however, does not include 
complete renewal of rail, plates and bonds, such as will occur 
when the rail is completely worn out, but does include the usual 
maintenance of these items in order to keep them in good 
condition during the life of the rail. 

The costs of installation and maintenance as given in this 
paper are marked as estimates, but they are from the actual 
figures taken from the books of the operating company. In- 
asmuch as the work has been done under varying local con- 
ditions, the actual figures for various parts of the work have 
been revised so as to give the cost as it would be under the 
average conditions met with. 

The maintenance figure of $80 per mile is arrived at by 
this same method. The actual cost of maintenance on the road 
concerned has been in some doubt during the last two years 
on account of heavy rehabilitation, but the $80 per year is 
our experience of what is required for maintenance costs of the 
third rail contact system during the life of an installation. 
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CONTACT CONDUCTORS AND COLLECTORS FOR 
ELECTRIC RAILWAYS 


BY C. J. HIXSON 


ABSTRACT OF PAPER 


A general classification of collecting devices is given, correspond- 
ing to the existing A. I. E. E. classification of contact conductors. 

Contact rail systems and contact wire systems are considered 
along with their corresponding collectors. 

Many data derived from measurements made upon different 
types of overhead and collecting devices are arranged in the 
form of curves. The application of these various curves is dis- 
cussed and the possibilities indicated for selecting other curves 
to express still further the factors essential to proper collection. 
This method of attacking the problem is a novel one and it is 
hoped that those interested in furthering the cause of better 
collection will be encouraged to assist in making further measure- 
ments. Examples are given of constructions where consideration 
has been given to the factors discussed. Suggestions are made 
as to profitable subjects for discussion. 


HERE has been published within recent years consider- 
able descriptive matter relating to both contact conduc- 
tors and collectors, but as a rule these two types of apparatus 
have been treated separately. It seems desirable that they 
should be considered together, since their successful operation 
depends upon each of them fitting into the requirements of 
the other. It is proposed in this paper to discuss the problem 
of current collection as a whole and in so doing to consider the 
essential factors for successful operation as well as the ways 
and means of. attaining such results. 

In order to avoid confusion it seems essential to classify 
both contact conductors and collectors and indicate their re- 
lation to each other. The A. I. E. E. when defining standards 
for electric railways, subdivides distributing systems in two 
classes: contact rails and trolley wires. In the following dis- 
cussion collectors will be divided into two corresponding classes, 
namely, contact rail collectors and trolley wire collectors. 

The A. I. E. E. classification of contact rails makes certain 
subdivisions, with each of which a distinctive type of collector 
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is used. It therefore seems well to follow the same subdivisions 
for rail collectors, namely, third rail shoes, overhead shoes, 
center shoes and underground shoes. 

As regards the trolley wire, the A. I. E. E. subdivisions, direct 
suspension and messenger suspension, do not require distinctive 
types of collectors, since any type of trolley is likely to be used 
with either type of suspension. Common usage, however, seems 
to have already satisfactorily classified trolley wire collectors 
into wheel trolleys, roller trolleys and slider trolleys. If a 
wheel trolley be distinguished from a roller trolley by limiting 
its width to less than its diameter, these three subdivisions 
become both distinctive and comprehensive for all trolleys. 
Usage has further subdivided the three types above referred 
to by utilizing as a basis the general nature of the frame sup- 
porting the collecting mechanism directly in contact with the 
wire, for example, the pole, the bow and the pantagraph. The 
term which seems to require particular attention at this time is 
the word pantagraph, used largely in connection with roller 
and slider trolleys. Although not generally recognized, it should 
be noted that wheel pantagraph trolleys were used many years 
before either of the types just referred to, and such trolleys are 
still in regular production. It is therefore apparent that the 
term “‘ pantagraph trolley” is not definite, since it designates 
a form common to all three types. <A pantagraph is also some- 
times used in connection with rail collectors, although if the 
distinction between rail and wire collectors was commonly 
recognized its use would probably be unnecessary. For example, 
the overhead shoe used upon. New York Central locomotives 
was recently referred to as a third rail pantagraph trolley. 
In order to avoid confusion or the necessity for describing at 
length each type of collector when referring to it, one of the 
large manufacturers of electrical machinery was forced, a few 
years ago, to adopt the classifications as indicated above, i.e., 
contact rail collectors ‘are divided into third rail shoes, over- 
head shoes, center shoes and underground shoes, and the con- 
tact wire collectors are divided into wheel trolleys, roller trolleys, 
slider trolleys, with further subdivisions depending upon the 
nature of the supporting structure. 


Contact SYSTEM 


There is a tendency to refer to the contact conductor and 
its collector as a contact system. In fact, it would seem that 
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the railway committee,in its wording of the subjects for this 
meeting, has attached this meaning to the terms. Such a 
construction is at least worthy of the attention of the standard- 
izing committee, which might go a step farther and consistently 
subdivide contact systems into contact rail systems and con- 
tact wire systems. 


Contacr Ratt SYSTEMS 


Rail systems have been in successful operation for many 
years with great reliability and with a low cost for mainte- 


1SApprox See = ee ee 


=== 


== SESS = 


Ss a 


Neorcelainl Support 


Soe ecatiay oe aad 


ETERS Protection ~ 


ZS 
C.L. Third |Rail 


| PLAN OF FOOT 
27h = 
@® 100 Lb.AS.CE. | 
i 


>) => rc 

oe —5 

byireg” Long ¢ Z 
} ~12” Approx-—- > 


Fic. 4—Tuirp RAIL CONSTRUCTION AND LOCATION 


Rome cea 


nance. These systems are particularly adapted for elevated and 
subway work, and are even better suited for conditions where 
it is necessary to change quickly from one to the other. High 
collecting capacity and space considerations as well as there 
being no necessity for an expensive protection for the contact 
rail have contributed to the popularity of the rail system for 
this class of service. The high initial cost, danger to life, 
difficulties from sleet and snow and complications in yards 
have been among the factors preventing its wide application 
to interurban and steam road éervice. Sleet and snow, how- 
ever, are successfully overcome by inverting the rail and 
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using an under-running shoe, but in so doing the cost is some- 
what increased. 

The increase in operating voltage has materially changed 
these fundamental considerations. Higher voltages entail 
greater space and greater clearance distances. If an inverted 
third rail is to be used for voltages higher than 1000 it is neces- 
sary in order not to interfere with the standard car equipment 
clearances that the location of the insulators be shifted to some 
other position than that now commonly used. 

Several miles of such a type of inverted third rail having 
the insulator as well as the third rail itself, shifted to a greater 
distance from the track rail, are being used upon a test railway 
at East Erie. 

This rail has now been in use for several years and has been 
satisfactory in every way. The conditions under which it is 
used are not quite as exacting as those of a road in regular 
service but the indications are that it would be satisfactory 
under such conditions. The same type of shoe is used as has 
been in service for many years for under-running third rails of 
lower voltages. The insulation of the shoe beam, however, re- 
quires porcelain as a supplementary insulation, and it has been 
possible to work this out within the limited space in a satisfac- 
tory way. 

In a series of tests made at Schenectady about a year ago 
in connection with the use of 2400 volts for an over-running type 
of third rail system, it was found desirable to increase the 
horizontal distance of the third rail from the track by ap- 
proximately 4in. more thanis ordinarily used for 600-volt work 
and the height above the running rail was increased by about 
6in. Itwasfound that there were times when full energy was 
opened by the shoe on the rail and that the arc might whip 
over to the trucks or other parts of the moving car. 

It is interesting to note that a road in the Middle West, in 
connection with the electrification of which these tests were 
primarily made,is now in successful regular service operation. 

While there have occurred some short circuits between the 
third rail and the parts of the moving car, this does not appear 
to be sufficiently frequent to interfere seriously with regular 
service. 

The third rail shoe employed is of a special design due to 
local conditions and the slipper with its supporting arm is raised 
and lowered by compressed air. (See Fig. 5.) 
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The contact arm is folded up against the side of the car when 
passing through villages so as not to project and be a source 
of danger. During the period that the shoe is not in operation 
* energy is supplied through a slider pantagraph trolley. 

In general, a 2400-volt third rail is operative and permissible 
under suitable conditions. 

As a matter of general interest at this time, Fig. 6 shows 
the underground shoe used to supply current to the towing 
locomotive in service along the Panama Canal. 


Contact WIRE SYSTEMS 


Direct Suspension: The direct suspension type of trolley con- 
struction has been in use for many years and is standard for 
conditions involving low speed and moderate amounts of energy. 
For city service direct suspension with a 2/0 or 3/0 trolley wire 
is practically universally used in this country, along with a 
4-in. or 6-in. trolley wheel provided with graphite bushings. 
A 4/0 trolley wire was often used in direct suspension with 
the earlier interurban installations. 

For insulation, molded compound, molded compound with 
mica, wood and porcelain are utilized. Some roads utilized 
ante insulation suspensions in series with a ball or giant 
strain insulator supported by a wooden pole. Others have 
been content to use a wooden pole along with a single molded 
insulation suspension. It is rather remarkable how many 
years of successful service these types of insulation have given. 
The wood pole is undoubtedly responsible in ho small degree 
for this success. This was quite decidedly shown some years 
ago when an Italian road attempted to utilize standard Ameri- 
can material upon one of its lines équipped with steel poles. 
The short potential distance within the giant strain insulators 
located at every pole caused them to act as excellent lightning 
arresters so that the lightning seemed in most cases to prefer 
this path to that through the arresters. The difficulty was 
finally overcome by placing in series with the giant strain in- 
sulators, an insulator having approximately six inches of wood. 

Since the use of wood for poles and insulators is gradually 
decreasing it is to be noted that porcelain for both strain and 
suspension insulators is gradually being adopted. (See Figs. 
7 and 8.) 

The pole spacing for tangent track has practically been 
standardized at 100 ft., which is shortened at curves, depending 
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upon the degree of curvature. The type of support is either 
a cross span wire or a bracket to which is attached a steel strand 
extending from the end of the bracket to‘the pole for the purpose 
of minimizing the hammer blow of the collecting device. 

Direct suspension is unquestionably the cheapest type of 
overhead construction, and has performed a very useful service 
in keeping down the initial investments upon the early trolley 
roads, but with the increasing requirements for energy to be 
collected at high speeds it has become necessary to adopt a 
more flexible form of construction. 


MESSENGER OR CATENARY SUSPENSION 


The first installations were made abroad and were primarily 
designed to comply with safety regulations and to provide 
more convenient means of insulating high voltage trolley wires. 
The distance between the supporting points of the trolley wire 
was such that in case the trolley wire broke it would not fall 
to the ground or upon traffic in that vicinity. It was soon 
found that this general type of construction had other advan- 
tages which, with modifications, rendered it suitable for the in- 
creased service conditions. To attempt even to outline the 
various arrangements of trolley and messenger wires con- 
structed and tried out during the past 15 years would bea 
task in itself. The diversity in constructions is often such as 
to indicate fundamentally different conceptions as to what are 
and what are not desirable factors. 

To compensate for the additional expense of messenger 
suspension it is necessary to know definitely just what benefits 
are being obtained over those found in direct suspension. There 
are in existence today certain types of messenger suspensions 
where it is questionable whether the benefits are equal to the 
additional money spent. It therefore seems desirable to discuss 
some factors which have proved to be essential and to indicate 
along what general lines still further improvements may be ex- 
pected. It is unfortunate that there is no convenient standard 
of “successful collection” by which to measure the various 
degrees of collection, but by approximating the life and cost 
of maintaining the collector and contact wire along with the 
interest on the investment, it is possible to arrive at a more 
or less final standard. 

If by chance, or otherwise, a high degree of successful collec- 
tion should be attained, there are available no means for 


1915] HIXSON: CONTACT SYSTEMS 1553 


specifying in definite units the conditions in such a way as to 
make it possible to reproduce or to maintain this highly de- 
sirable state of affairs. 

In order to overcome this deficiency it seems necessary to 
select different kinds or sets of measurements whose values 
more or less indicate corresponding effects upon successful 
collections. Although no such selection has been generally re- 
cognized, in order to assist in placing the phenomena involved 
upon some sort of an engineering basis it seems well to indicate 
how some slight progress at least has been made along such 
lines. 

UNIFORM FLEXIBILITY OF CONTACT WIRE 

Within the last few years it has come to be generally re- 
cognized that “uniform flexibility” is possibly the greatest 
factor in ‘‘successful collection.” 

When the collector passes beneath the wire, a wave is pro- 
duced extending one hundred and fifty feet or more, in either 
direction, depending upon the pressure. The crest of this 
wave is practically always just over the collector and the height 
of the wave at any point depends upon how elastic the wire 
is at that particular point. It is evident that weights due to 
section insulators, splicing sleeves, hangers, crossings and other 
devices attached to the wire will produce hard spots directly 
proportional to their weight. 

As regards elasticity at the hanger, not only is the weight 
of the hanger a factor, but still more important is the weight 
of the wire which it supports and the lifting action of the mes- 
senger wire. 

This effect of the messenger wire is of great assistance in 
increasing the wave height of the trolley wire but unless the 
hanger is designed so as to permit of a still further free upward 
movement of the trolley wire after the effect due to the mes- 
senger wire ceases, the trolley wave will be restricted by the 
hanger having to lift the weight of the messenger. It is thus 
apparent that an improperly designed hanger may result in 
producing a trolley wire supported by a messenger suspension 
which will actually give worse collection than a trolley wire 
supported by a direct suspension system. Installations of 
this type are in existence and it is possible to show by direct 
measurements what it is necessary to do in order to correct 
the major portion of the difficulties with the collector and to 
put an end to the rapid deterioration of the trolley wire at 
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points of support. Fig. 9 shows the exact measure of what 
takes place. The dotted curve shows the normal position of 
the loaded messenger with the trolley wire at rest. The full 
line curve above the dotted curve shows the position to which 
the messenger will rise at the various hangers when relieved of 
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the weight of the trolley wire by the upward pressure of the 
collecting device. In order to illustrate what takes place, at 
hanger No. 2, the.curve shows that with 30 lb. pressure due to 
the collecting device, the trolley wave will be about 3% in. in 
height. It is also seen, from the distance between the dotted 
and full line curves for the messenger wire, that at the same 
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Fic. 11—TRoLLEY WAVE CREST CURVES AT DIFFERENT COLLECTOR 
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time this pressure is applied to the trolley wire the messenger 
wire will rise 2 in. Therefore, if the hanger is free to continue 
its upward movement after the messenger has ceased to rise 
the hanger will be shoved 1} in. farther up than the position 
where the unloaded messenger wire stopped going up. Fig. 10 
shows a hanger which allows this action to take place. 
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Fig. 11 shows how different collector pressures increase the 
trolley wave crest curves as the pressures increase. 
The arrangement and general type of the suspension also 
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D—Simple catenary, 20 in. sag, 150 ft. span 


have an effect upon the shape and height of the wave crest 
curves, that is, upon the uniformity of the flexibility of the 
trolley wire. Fig. 12 shows wave crest curves corresponding 
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to the construction shown in 
Fig. 13. It will be noted that 
although type A has a second 
messenger wire parallel to the 
trolley wire, which has had the 
effect of somewhat reducing 
the distance between the max- 
imum and minimum values, 
the improvement is not 
very great over that shown 
for type C, which is for the 
same length of span but with 
a single messenger wire. Type 
D shows the effect of a single 
messenger when used with a 
span of 150 feet. It will be 
noted that in all of them the 
most rigid portion of the 
trolley wire is near the point 
of support and that the dif- 


ference between them near that point is not very great. 
The considerations discussed as entering into the flexibility 
thus far have applied particularly to tangent spans, which is 
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the easiest part of the problem. At curves where pull-offs are 
required the weight of these has to be reckoned with. Fig. 14 
shows a very satisfactory arrangement of pull-offs. 

~ In order to obtain the highest degree of uniform vertical 
flexibility of the trolley wire, each special construction requires 
a treatment peculiar to itself. Such cases are sidings, low 
bridges, tunnels, section insulators, splicing sleeves, feeder ears 
and other devices adding weight to the line. In general, however, 
it may be noted that with an increasing appreciation of the 
importance of this factor, means for introducing artificial 
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flexibility will doubtless be employed where it is not possible 
to attain the desired result in some other way. The principle 
of preventing injury to the wire rather than repairing it after- 
wards is in line with the general tendencies of these times. 

It is to be noted that the data given thus far relative to 
uniform flexibility have been obtained upon wires at rest. It 
is appreciated, however, that the inertia of the moving collector, 
as well as the fact that the weights of the parts constituting 
the overhead construction have to be accelerated, involve still 
other factors in successful collection. The exact measures of 
these are not considered at this time, but it is certain that the 
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values of these factors are closely interlinked with the charac- 
teristics of the collection device. 


TROLLEYS 
It is known that the pole-supported trolley wheel is much 
quicker in its action than the heavier roller and slider panta- 
graph trolleys. Fig. 15 shows the distance-speed relation of 
these two types of collectors. The roller trolley referred to 
is shown in Fig. 16. 
Since the trolleys must operate over a range in some cases 
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as great as 9 ft.,it is important to know what the pressure 
against the trolley wire is at various heights of the collector. 
Fig. 17 shows this relation for the roller trolley. 

~ When speeds of 60 mi. per hr. and currents of 2000 amperes 
and more have to be considered, it is found desirable to employ 
a slider type of trolley. In order to investigate just what the 
effect of a slider would be upon the wear of a trolley wire be- 
tween points of support, a series of tests was made in a test- 
ing machine in which the collecting strips were moved back 
and forth a definite distance under trolley wires. Figs. 18, 
19, and 20 show the results of these tests. 
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DouBLe TROLLEY WIRE 


Along with this problem of high speed and great capacities 
it was found desirable to employ two trolley wires hung side 
by side with the supporting points so spaced that the hangers 
on one wire come midway between the hangers on the other 
wire. This results in a great improvement in the uniformity 
of the flexibility of the trolley wire as well as an increase in the 
collecting and conducting capacity. 


EFrrect oF WIND 
The effect of wind upon the overhead construction has always 
been a subject of considerable uncertainty, and in order to 
measure definitely, as far as possible, such effects upon different 
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types of overhead constructions, a series of tests was made, 
in which weights were attached at each hanger which corres- 
ponded to different wind pressures. The general arrangement 
of the weights is shown in Fig. 21. The effect of the wind 
upon the constructions is shown in Fig. 22. 

In conclusion it might be said that there are many other 
problems which might be discussed with profit, among which, 
in connection with the overhead construction, might be men- 
tioned: 

1. The use of deflectors or other devices at sidings. 

2. The best method of section insulation. 

3. Convenient means for taking up slack at anchorage vs. 
automatic take-up devices in conjunction with the introduction, 
artificially, of elasticity into the line. 


1560 HIXSON: CONTACT SYSTEMS [July 1 


4, Elimination of splicing sleeves, particularly of the soldered 
type. 

5. The necessity for staggering the trolley wire, and frequency 
of steady braces against the wind. 

6. Construction at tunnels and bridges, as regards both in- 
sulation and collection. 

7. The necessity for uniformity in the safety factors allowed 
in different parts of the country. 

8. The best method of arranging ‘‘ticklers’’ for warning the 
brakeman of approaching bridges or tunnels upon electrified 
lines. 

In regard to the problems which might be discussed in con- 
nection with trolleys might be mentioned: 

1. The desirability of the air-locked vs. the air-raised type. 

2. Height of the trolley wire. 

3. Width of contact strips. 

4. Shape of horn. 

5. Clearance allowances between trolley and permanent way. 

The author desires to express his appreciation of the as- 
sistance of Mr. G. W. Bower and Mr. C. G. Lovell in the prep- 
aration of this paper. 
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THE CONTACT SYSTEM OF THE SOUTHERN PACIFIC 
COMPANY, PORTLAND DIVISION 


BY PAUL LEBENBAUM 


ABSTRACT OF. PAPER 


The paper describes in detail the overhead contact system 
of the electrified lines of the Southern Pacific Company, Port- 
land Division, which operates at a potential of 1550 volts. The 
design and materials of construction are given in considerable 
detail, and the costs per mile, of material and labor, are tabulated 
in very complete form. 


INTRODUCTORY 
HE ELECTRIFIED lines of the Southern Pacific Com- 
pany, Portland Division, extend from Portland to White- 
son, a distance via Forest Grove of 54.0 miles and via New- 
berg of 45.2 miles, with a line from Cook to Beaverton 7.4 
miles long, the map, Fig. 1, showing the extent of the present 
electrification and also the ultimate plan. All these had been 
operated by steam for many years. At Hillsboro, Forest 
Grove, and Newberg, detours from the main line permitting 
electric trains to pass through the center of these three more 
important towns were constructed; inclusive of detours, the 
total of miles of main line single track is 104.0, with approxi- 
mately 16 miles of electrified second track and sidings. 
Except for three miles of 600-volt trolley in Portland, the 
operating potential is 1550 volts. 


GENERAL 

Construction was actively undertaken in July 1912 and the 
lines put into operation in January 1914. To account in some 
measure for the time taken to complete the contact system, 
it may be said that labor troubles caused a shut-down of all 
work for two months in the spring of 1913, and that delays 
in the delivery of car bodies and equipment made it expedient 
not to push the construction towards the end. 

The electrification work was carried on during the operation 
of the road by steam, resulting in much “lost time’ due to 
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the distance between sidings and the lack of frequent tele- 
graph stations. 

In general, side bracket type of catenary construction, Fig. 2, 
is employed, the poles being placed on the outer side of curves. 
High-tension transmission lines (13,200-volt) are carried on 
the same poles as the contact system between Oswego and 
Dundee and between Oswego and Forest Grove, via Beaverton, 
their total length being 47 miles. In order to maintain the trans- 
mission line on one side of the track, cross-span construction is 
used where the poles come on the inside of curves. Figs. 2, 
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3, and 4 illustrate this type of joint construction, the latter 
figure being taken between Oswego and Cook, where the trans- 
mission lines parallel each. other for a distance of four miles. 
The standard pole spacing on tangents is 150 feet. Ags seen 
from Table I, however, over 25 per cent of the main line mile- 
age is curved track, the portion between Sherwood and Spring- 
brook being exceedingly crooked; on this account, as well as 
on account of siding and cross-span construction, 5666 poles 
were used, or an average of 54 poles per mile. Construction 
was further made more difficult by the presence of 25,204 ft 
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of trestle, of such height as to make support of the pole on the 
trestle a necessity. 


TABLE I. 
Degree of curve Pole spacing Total length of curves. 
0-2 150 ft 57,870 ft 
2-4 120 “ 37,695 “ 
4-6 90 * 20,627 “ 
6-8 60 * 7,345 “ 
8-10 60 “ TA12 “ 
10-15 GOmts 8,568 “ 


139,517 ft. = 26.4 mi. 


In the following, the costs due to the presence of a high- 
tension line on the poles supporting the contact system have 
been eliminated as not being relevant. 

Poles. All poles are nominal 9-inch top, cedar poles, pur- 
chased under specifications that required a top circumference 
between 27% inches and 32} inches, and subject to inspection 
at destination; it was found that, unless some limitations were 
placed on contractors, the term ‘‘9-inch top” was very flexible. 

The standard pole length for catenary construction is 35 ft; 
for transmission and catenary, 40 ft; local conditions, such as 
crossing of telephone and telegraph lines by the transmission 
line, increased these lengths. 


Table II indicates the items that are included in the cost 
of the pole at the hole. 


TABLE II. 
Length sof volte fut euee ena 35 40 45 50 
Cost, f.o.b. company yard............ $4.20 $4.80 $5.40 $6.00 


Cost, handlingin and out............ 0.20 0.20 0.25 0.25 
Cost, framing and Savings eee oe 0.55 0.55 0.60 0.60 
Cost of treating.................9+..|..1.95 L325 4.25 1.25 
Cost of distributing... ........,..0 0.70 0.70 0.75 0.75 


——_—____ 


Cost of poleathole................., $6.90 $7.50 $8.25 $8.85 


All poles were giv 


en two thorough brush treatments with 
carbolineum avenariu 


s, from a point 18 inches above the ground 
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Fic. 3—CurvE CoNsTRUCTION—SINGLE-TRACK CATENARY WITH 13,200- 
VoLtT TRANSMISSION LINE [LEBENBAUM] 


Fic. 4—-DouBLE-TRACK CATENARY CONSTRUCTION WITH Two 13,200- 
VoLr TRANSMISSION LINES [LEBENBAUM] 
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to within three feet of the butt. The preservative was applied 
by means of burlap fastened to the ends of long mop handles 
and was kept hot by steam coils placed on the bottom of the 
shallow tank over which the poles were rolled. Steam was 
furnished from a locomotive and approximately one gallon of 
preservative (including losses due to leakage from barrels and 
evaporation) was used per pole. Costs include labor ($0.50), 
material, rental of locomotives and first cost of tank. Dis- 
tributing costs include work train and flat car rental. 

Contact System. The details of the materials used in the 
support of the contact system were developed by the Southern 
Pacific Company on its 1200-volt suburban system at Oak- 
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land, Cal., some slight modifications being made to meet local 
conditions. 

Pole and line material is galvanized or sherardized, all bolts 
‘and nuts being given the latter treatment. The increased 
cost of galvanized material was deemed to be warranted on 
account of increased life and decreased up-keep in a region where 
rains, winter and summer, are of frequent occurrence. 

The messenger cable is 7/16-inch high-strength (crucible) 
steel strand, (15,000 lb. breaking strength), strung at a tension 
of approximately 2200 lb. at 70 deg. fahr., which gives sags 
and hanger lengths as shown in Fig. 5. The tension in the 
4/0 grooved copper trolley wire is 2000 lb. A construction 
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train was used to-erect the messenger and trolley wires and 
to clip in the hangers. 

Under maximum loads (ice, sleet and wind), the tension in 
the messenger is calculated not to exceed the elastic limit, 
climatic conditions being such that the minimum temperature 
rarely falls below 20 deg. fahr. Ice and sleet are unusual. 

Hangers (Fig. 9) are installed at 15 ft. intervals; they afford 
a very flexible connection between the messenger and trolley, 
have a minimum number of parts and are used interchange- 
ably on tangents and curves. As first installed, the locknut 
was omitted. The threads on the rods, due to the vibration 
of the line, began to strip, and the locknut was added to over- 
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come this trouble, which it has done. The standard 150-ft. 
span weighs 1.152 lb. per foot. 

A mechanical clamp holds the messenger in the groove of 
the insulator, and prevents slipping in the event of line trouble. 
The contact system is further anchored every half-mile on tan- 
gents, as shown in Fig. 6, and against a curve at each end 
thereof, so as to take the strain out of the curve. Steady 
braces, Fig. 7, were installed every half mile, after the system 
was placed in operation, they being found a necessity; on 
curves, the pull-offs have a steadying effect. 

The line is sectionalized at all junction points, at substations, 
and where the voltage changes from 1550 to 600, a sectionaliz- 
ing insulator of the type shown in Fig. 8 being used. On ac- 
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count of the hard spot introduced in the line by this device, 
a section break, consisting of two parallel wires suitably in- 
sulated from each other, is being developed. 

Table III indicates the cost of a mile of tangent construction 
as illustrated and described in the foregoing. 


TABLE III. 
Tangent 
Ref. 
Units Cost 
Maierial. 

Poles — oO Tt lONS epysgectaetersrs acct evsbselons Glewszore Table II 35 $ 147.00 
Bracketiarms! Completes eric. <je.s,cie.s «cc afore « Fig. 2 35 197.00 
Steel strand—7/16 in. high strength......... 5500 ft. 149.00 
Tip ATC HOTS: ccm MyeeecAe’s oiccare pede cuo tile. ete re Fig. 6 2 70.00 
4/0 copper trolley wire.................6. 3400 lb. 780.00 
EE ETEFOTS cle, arsenite eit terete ian eereete is «) Velo Fig. 9 360 90.00 
SUCACY, AEAGCES suntyc ae tape resets piste tveretetscuade « Seeders Fig. 7 2 5.00 
Miscellaneous material. ... 2... 5s pense es 25.00 
Feeder insulator and support.............. Fig. 2 35 37.00 

Pentinile sr ahucheletcusieshords saints oe acters $1500 .00 

Labor. 

Handling, treating, distributing............ Table II 35 95.00 
Digging Boles: elec ye isos nes) halls oe ayeke’s 35 60.00 
Setting complete with bracket............. 35 70.00 
Stringing messenger and trolley........... 55.00 
Tnstatlinge hangers et anise cic)s 21 svskeho ers) engi oege 50.00 
Tnstallingsanchorshee.< cso... «ae uageuisue «iets © 2 20.00 
Lost time a/c iaying in at sidings.......... 75.00 
Adjusting and dressing line................ 50.00 
Works Lrainin cece tiayc-ste thepeh clo nthantid Pemert s+: 125.00 

Beg mnile styrene: kas runtauaieh ate $600 .00 

Motal sper imil ese pareja. «svtierclerslerelers) 6s $2100.00 


To the above must be added the usual percentages for en- 
gineering, superintendence, and contingencies. 

Curves and sidings, for the division under consideration, 
increased these costs about 20 per cent, so that the cost of the 
average mile of main line track (excluding the section between 
Sherwood and Springbrook, where excessive curvature greatly 
increased construction costs) was $2550.00. This figure makes 
no allowance for construction on trestles, which is deemed a 
very local condition, and is therefore not included. 

A large proportion of the holes were dug in earth and under 
fairly favorable conditions. Rain, and water in the holes, at 
times interfered with digging. 
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Men lived in outfit cars, rental of which is included in all 
labor costs; gasoline section cars or work trains were used to 
transport the crews to and from work, the average run being 
not more than three miles. , 

Rates of pay on line construction were as follows: Foremen, 
$125.00 per month; linemen, $4.50, groundmen, $2.75 to $3.00, 
and common labor $2.25 to $2.50; all per day of 9 hours, one 
way on company time. Overtime was at the rate of 14 the 
standard time. Work trains, including locomotive and crew, 
are rented to the construction department at a rate of approxi- 
mately $40.00 per day. 

In analyzing costs of material, attention is called to the fact 


1/3 ROUND WROUGHT IRON 


STANDARD 4/9 GROOVED 
TROLLEY WIRE 


nd : 
i 


i 
¥g PIPE THREAD 


‘GRIP NUT 
oa 136 ---| 


Fic. 9—CaTENARY HANGER—LOopr TYPE 


DROP FORGINGS —— 


that freight is an important item, especially on steel products, 
for Pacific Coast conditions. 

Feeder supports, but no feeder, are included in the above 
costs. This item will vary with substation spacing, line volt- 
age and traffic conditions. 

Curve Construction. Flexibility is extremely desirable in a 
contact system from which current is taken by roller panta- 
graphs, on account of the inertia of the collector, and at no place 
in the line is this more evident than at curves. 

As first constructed, pull-offs of 5/16-inch steel strand (3800 
Ib. breaking strength) were used between the backbone and the 
catenary system, and a maximum deviation on curves of Six 
inches from center line of track was allowed. It was found 
that a pull-off of this size was too stiff, especially on the lighter 
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curves (up to six degrees), and }-inch strand (2300 lb. breaking 
strength) is being substituted. Pull-offs were first installed on 
hangers adjacent to the brackets; but are now being installed 
in accordance with Fig. 10; this makes for increased flexibility. 
The bracket, Fig. 2, is used to insulate and carry the back- 
bone on light curves, Fig. 3 illustrating this type of curve con- 
struction. On heavier curves, the backbone is fastened to the 
back of the pole and the pull-offs are insulated from the back- 
bone in the manner shown in Fig. 11; this illustration further 
shows a type of simple trolley construction that has been found 
very suitable for pantagraph operation. ‘ 
Maintenance. The system was placed in operation on Jan. 
18, 1914. Three crews were at work on construction for several 
months following, when one crew was laid off. The second 
crew was laid off on October 1, 1914, the crews up to this time 
having been partly on maintenance and mostly on work charge- 
able to construction. The following figures on maintenance 
therefore apply only to the period from October 1, 1914, to 
March 31, 1915; the contact system being almost new. 


TABLE IV. 

Acct. No. Material Labor Total 
9 Cars... fice Wea $33.00 $50.00 $83.00 
200 Poles 2 aarp sen 7.00 68.00 75.00 
2o-t” Feeders.) -aeepatenis 4.00 64.00 68.00 
22—a) Drolley..<... tay > «one's 23.00 428 .00 451.00. 
Total per Month......... $67 .00 $610.00 $677 .00 
S S(Vearu en. cela $804.00 $7320 .00 $8124.00 

“mile per year 

(LOA mads ya ee cers $7.73 $70.38 $78.11 


St A EEE 


The maintenance crew consists of one foreman ($135.00 per 
month), three linemen, ($4.50 per day), and four groundmen 
($3.00 per day), and has its headquarters at Oswego. Each 
man gets one day off per week. 

In addition to maintaining the contact system, this crew 
handles all repairs to the 13,200-volt transmission line and 2.5 
miles of 60,000-volt transmission line, about 6 per cent labor 
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in addition to that shown in the above tabulation being charge- 
able to this item (Acct. No. 49). 

Gasoline section motor cars, equipped with towers, are used 
for maintenance, the crew, where possible, taking regular trains 
to get to and from work. Account No. 9 in Table IV, gives 
the cost of operating and maintaining the gasoline cars, of 
which five are in use; the men keeping their own cars in repairs 
to as great extent as possible. 

Because of the short period under operation, it is hardly 
possible to analyze the work done in maintaining the lines, 
Say as between hangers, messenger, trolley, feeders or special 
devices, such as crossings, section insulators, steady braces, etc. 

As an indication of the use made of the contact system, 
the following figures are given: 


mmeratertranmumiues per da Yiu scus. cise . nae.d sake. 3 1460 


Average motor car miles per day.................. 3041 
mverage trail car miles per day; . i. (ce ised viens 560 
Rei OL mDLON Cats TONS. 20 P88. ihc otctieucnckine. cag 53 
WWeIoine Ofs tradCat eCONS.o.0 06%) 4 ons,S diem lie, andes 35 
OCMMe DEE. Wie DET HT 8 oi. ket we ys ww avs tai iate A Oe 20 
Average running current per motor car............ 200 


Current Collectors. In closing, a few words may be of interest 
as regards the results being obtained with the current collectors, 
shown in Fig. 12. An improved system of lubrication was 
devised by Mr. E. Sears, Supt. of Electrical Equipment; this, 
together with the substitution of roller bearings for the graphite 
bushings originally furnished, has made possible the following 
costs per 1000 motor car miles for the period Jan. 1, 1915 to 
April 14, 1915. 


TABLE V. 
Per 1000 motor 
Total car miles. 
EIEIO HELIN. REE teas nia eee oie bs kalo lh ase Side aks ; $1.01 $0 .0058 
RMLET eS TEAR Efe Ein 0 oe See ol ee ee 17.82 0.1022 
WL Sea seme tage A lee crate mPa me Cer ene ena 36.27 0.2080 
WADOLMMSHECUIN EA Nis otis cites weiss ei sn ubbes hse 15.09 0.0865 
Totaly. saa: Phono RSS cteke, EAS DOP ae ETO $70.19 $0. 4025 


“Welsh” oil, at 14 cents per gallon, is used for lubrication. 
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Collectors are made of five-inch (outside diameter) steel 
tubing with 7/32-inch wall, and operate at a pressure against 
the wire of from 30 to 35 lb. A defective quality of tubing was 
originally furnished, the cost of replacing some of which is in- 
cluded in the above tabulation; this has resulted in keeping the 
average mileage per collector down to 9696. As soon as the 
defective tubing is weeded out, it is hoped to materially in- 
crease this mileage. 

The wear on the trolley wire to date has been inappreciable. 
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Discussion ON ‘“‘ UNPROTECTED Top-Contract RAIL FoR 600- 
Vott TRacTION System’ (Jones), ‘“'THtrD RAIL AND 
TROLLEY SYSTEM OF THE WEST JERSEY AND SEASHORE 
RaILRoAD ”’ (DuEr), ‘‘ Contact System OF THE SOUTHERN 
PaciFic Company, PortLtaAnp Division ”’ (LEBENBAUM), 
“CONSTRUCTION AND MAINTENANCE Costs OF OVERHEAD 
Contact Systems ”’ (AMBERG AND ZocBaum), ‘‘ Conract 
SYSTEM OF THE Butte, ANACONDA AND Paciric’ RAILWAY ”’ 
(Cox), AND ‘“‘ Contact CONDUCTORS AND COLLECTORS FOR 
EvLectric Rattways ” (Hixson), Deer Park, Mp., Jury 1, 
1915. 


L. D. Nordstrum: I want to ask Mr. Duer if he experienced 
any particular difficulty due to corrosive action of the sodium 
chloride solution in removing the sleet. 

J. V. B. Duer: On the insulators or on the rails? 

L. D. Nordstrum: On the rails. 

J. V.B. Duer: No, we have not, probably because we do not 
use it in any very great quantities, and do not use it very fre- 
quently. We tried a solution of calcium chloride to discover 
just what solution seemed to be the best to use. We made some 
experiments to see what the action was on the insulators, and 
also as to the effect of the calcium chloride on the sleet. We 
found that under our conditions about 1200 specific gravity 
seemed to give the best results. A higher gravity, while it 
melted the sleet quickly, would create a conductive film over 
the insulators which eventually ate them out. That was the 
only test we made to ascertain the composition of the solution. 
We also found that heating the solution had a very much better 
effect on the sleet. Our tests with the solution cold did not give 
nearly as good results as they did with the solution hot; it is not 
really hot, but warm, 100 deg. fahr. or thereabouts. 

G. H. Hill: It is especially interesting to compare the cost 
data, which is given in such detail as to permit of considerable 
analysis. Making due allowance for the variable cost of labor 
in different localities and for the different amounts chargeable 
to freight and to local conditions, such as traffic requirements, 
etc., the cost given for overhead contact system and for third 
rail contact system are remarkably near to the same figure. 
From the data given it appears that a single-track overhead con- 
tact system with wooden poles and the usual amount of sidings, 
yards, crossings, etc., costs in the neighborhood of $3000 per 
mi. when erected under traffic conditions. This closely agrees 
with the cost of an over-running third rail without protection and 
represents practically the minimum cost of either type of col- 
lection system built for heavy traffic and with due regard to 
reliability required for heavy railroad operation. The overhead 
collector system should include a certain amount of feeder in order 
to be comparable with the usual weight of third rail, and the use 
of wooden poles is perhaps questionable in many localities. For 
localities subject to snow and sleet the third rail should be pro- 
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tected, From the data given it is safe to assume that an over- 
head collector system with a reasonable amount of feeder copper 
and steel poles will cost in the neighborhood of $5000 per mi. 
and this compares with an underrunning protected form of third 
rail. 

Where there is more than one track and steel overhead bridges 
are required for the overhead contact system and where the 
voltage of the system is high, such as is required for heavy rail- 
road conditions, the cost of both the overhead system and under- 
running protected third rail system will approach $6500 per 
mi. While the cost may vary between the third rail and over- 
head under local conditions the agreement is sufficiently close 
to remove cost as an argument for either system. The data 
presented also indicate that the cost of maintenance is so near 
the same for overhead and third rail systems that this is not an 
effective argument for or against either system. The choice, 
therefore, of the contact system must be made on the basis of 
reliability, capacity, convenience and appearance. 

On the score of reliability, the third rail has undoubtedly 
heretofore been considered superior, but recent overhead con- 
structions have been so much improved as to make the overhead 
system at least the equal of the third rail on this score. This 
is especially true with regard to the higher voltages. The’ 
proximity of the rail to the ground and the rolling stock reduces 
its reliability to some extent on account of the possibilities of 
flashing and grounding. 

Similarly the third rail has had the best of the argument in 
capacity and for 600- and 1200-volt systems it still has the bulk 
of the argument in its favor on this point, when heavy traffic 
is considered. Recent developments in overhead systems have 
demonstrated that its capacity can be made ample for the very 
heaviest requirements when the voltage is raised to 2400 or 
above. There has been a considerable amount of misunder- 
standing, with reference to overhead contact systems and col- 
lectors and it may be interesting to review the history of this 
development briefly. 

The earliest form of overhead collector, aside from the well- 
known trolley wheel, was the sliding form of contact used abroad. 
This was usually a very light contact pressing against the 4/0 
or similar contact wire without lubrication. Tt was found that 
unless the pressure was kept very light the friction was very 
great and when this type of collection was tried out in this 
country, the pressure was kept down to eight or nine lb. and the 
material of the collector was made preferably of steel in order 
to reduce the wear. It was even found necessary to go to steel 
contact wire. The amount of current that can be collected 
from a steel contact wire and a steel collector is very small, 500 
amperes being the reasonable maximum. The amount of wear 
as shown with this arrangement is more than might be desired. 
In order to increase the capacity it is necessary to use a copper 
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contact wire and resort to a collector which will operate at 
higher pressure. The roller was tried and was found to operate 
with a flexible overhead system very well at pressures up to 
30 or 35 Ib. and at speeds up to 50 mi. per hr. This arrange- 
ment proved successful for current up to 1000 amperes. 

The bearings had to be very perfectly made and furthermore, 
even under excellent conditions it was found that there was a 
considerable amount of slippage between the roller and the wire. 
As it is necessary to operate the roller without lubrication 
between it and the wire, the slippage has a proportional effect 
to a dry sliding contact with respect to the wear of the contact 
wire and the roller. Further experiments were undertaken with 
slider contact in order to increase the capacity and if possible, 
reduce the wear. 

As shown by the data in Mr. Hixson’s paper, the use of lubri- 
cation between the collector and the contact wire made an enor- 
mous difference in the rate of wear. A verysmall amount of heavy 
lubricant applied to the collector shoe was sufficient to reduce 
the mechanical wear to a negligible quantity. This permitted 
the use of copper facing on the collector and increased the capac- 
ity enormously. With this arrangement the limiting feature 
was the carrying capacity of a 4/0 wire. A 4/0 copper wire in 
open air will safely carry approximately 1000 amperes without 
softening it. For a single wire therefore, it is not safe to collect 
much more than 1500 amperes when the current is made to feed 
into the point from both directions. In order to overcome this 
difficulty the double overhead contact wire was developed (two 
wires being hung on independent hangers so as to preserve 
flexibility). It was found that with this arrangement the two 
wires would both give excellent contact with the collector and 
that the capacity was more than doubled. The hangers for 
the two wires are alternately spaced and so remove any pos- 
sibility of sparking when the collector passes a hanger even at 
very high speeds, since one of the wires is always in independent 
flexible contact with the collector. With this contact system it 
is entirely practical to collect 3000 amperes at 60 mi. per hr. 
with practically perfect freedom from sparking. This cor- 
responds to 9000 kw. at 3000 volts and is ample for the heaviest 
trans-continental train on 2 percent grade. The tests indicated 
in the curves presented with Mr. Hixson’s paper show that with 
a copper contact wire and a copper-faced sliding collector lu- 
bricated with heavy grease and graphite the rate of wear will 
average approximately one mil for each 200,000 passes of the 
collector. Asa4/0 grooved trolley is capable of about 250 mils 
wear, it is obvious that the wear on the wire is a negligible feature. 
It is interesting to note that when lubrication is used, better 
results are obtained by increasing the pressure between the col- 
lector and the wire. The wearing away of the contact surfaces 
is partly due to friction and partly due to the passage of current. 
Without lubrication friction is by far the greater element and 
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as it increases directly with the pressure it was found disastrous 
to raise the pressure above 10 lb. By using lubrication, however, 
friction was practically eliminated and it was then found that 
the wear due to passage of current was greater at the light pres- 
sure than at the heavier pressure, so that when the pressure was 
increased with lubrication the amount of wear was considerably 
diminished. An interesting feature in connection with these 
experiments was that the contact resistance between the col- 
lector and the wire when grease lubrication was used was actually 
less than with a dry surface. This at first appeared to be in- 
explainable. The fact, however, is indisputable and perhaps the 
best explanation is that between dry surfaces in air there remains 
between the metals a thin film of air particles. When the metal 
surfaces are oiled or greased the air is excluded and the lubrica- 
tion is forced away from the point of contact so that the actual - 
contact between metals is more perfect than when made in dry 
air. This feature is not of great importance but it is of particular 
interest because it was at first thought that the use of a lubricant 
would increase the resistance of the contact. 

The following table taken from the tests shows the comparative 
rate of wear under different conditions: 


COLLECTOR PASSES PER 0,001IN. WEAR ON 4/0 COPPER CONTACT WIRE 
AT 500 AMPERES. 


Copper Collector 


No Grease 
lubrication lubrication 
Lb. pressure = 
New Wire partly 
wire worn 
10 400 14,000 180,000 
15 200 60,000 250,000 


There does not seem to be any practical difficulty in the use 
of lubrication as a smali amount of it applied to the grooves of 
the collector twice or three times a year is ample for the purpose. 
The small amount of lubricant which adheres to the trolley wire 
has a further advantage in making it difficult for sleet to adhere 
to the wire. 

On the score of convenience, the overhead contact system 
undoubtedly has some advantage over the third rail when an 
ample and uniform clearance can be maintained. In freight 
yards, at road crossings and through special work the third rail 
is usually considered to be somewhat in the way and requires 
frequent underground jumpers which are expensive and fre- 
quently troublesome. 

Change in temperature affects both systems. The rail tends 
to “creep” and requires anchoring or oiling of joints or both. 
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The overhead system tends to sag in warm weather and stretches 
or breaks in cold weather. 

As to appearance, the third rail certainly has all the advantage, 
with a reservation in some situations where frequent villages 


Current 8rd Rail 


AMPERES 


0 ‘ 0,2 0.4 0.6 0.8 1.0 
SECONDS 


Fic. 1—ReEcorD TAKEN BETWEEN SUBSTATIONS—TROLLEY 12 AND 
21 MILES TO ADJACENT SUBSTATIONS—THIRD Ratt 22 MILES EACH 
WAY TO SUBSTATIONS 


require so great a proportion of overhead collector as to destroy 
to a considerable extent the clean-cut appearance of the roadway. 

A high-voltage system involves long distances between sub- 
stations and correspondingly long feed through the distribution 
and contact system. . 


Normal Voltage 
Volts 8rd Rail 


0.2 0.4 0. 


6 
SECONDS 

Fic. 2—REcorpD TAKEN BETWEEN SUBSTATIONS—TROLLEY 12 AND 
21 Mites to ApyJACENT SUBSTATIONS—TuHIRD Rai~L 22 MILES EACH 
WAY TO SUBSTATIONS 


VOLTS 


(0) 


For single-phase systems the reactance of the third rail renders 
it unsuitable. For direct current the reactance has the effect 
of causing potential surges when the current is broken. Recent 
tests show that the voltage kick of the third rail may reach a value 
about double the normal line voltage under probable conditions 
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of current. In extreme cases it may be three times the normal, 
Similar tests on an overhead contact system show a similar 
voltage kick which may be double the normal. The voltage 
kick depends not only on the reactance but equally upon the 
speed of break of the load current. When the reactance in 
circuit is great it is difficult to open the circuit quickly and as 
the oscillograph records show with the same circuit breaker the 
current decrease is not uniform and not nearly so rapid as with 
a circuit of low reactance. As a consequence the effect of high 
reactance as regards voltage kick is self-adjusting. This ac- 
counts for the fact that the actual volts rise is not far different 
for overhead and third rail systems. The oscillograms, Figs. 
1 and 2, are self explanatory and illustrate the effect noted. 

An inspection of these oscillograms shows, however, that the 


Fic. 3—Cross-SECTIONS OF THE ASPINALL COMPLETELY PROTECTED 
TYPE OF ConDUCTOR RAIL, A. AND THE RUNNING Rat, K, 


amount of energy stored in the rail is much greater than in the 
overhead system. This is shown by the relative length of time 
for the potential to fall to the normal value. 

H. M. Hobart: There is being installed between Manchester 
and Bury on the Lancashire and Yorkshire Railway, a 1200-volt 
third-rail contact system which is the invention of the general 
manager of the company, Mr. J. A. F. Aspinall, of Liverpool. 
The distance between Manchester and Bury is 92 mi. Trial 
trips have already been made over this road and the line will soon 
be open for traffic. The Aspinall type of protected third-rail 
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Fic. 4—Suows Meruop or ATTACHING COLLECTING SHOE TO BOGIES 
OF ELectTrRic Motor CARS FOR THE MANCHESTER AND Bury RAILWAY 


Fic. 5—SHOWS COLLECTING SHOE IN CONTACT WITH THE ASPINALL 
FULLY-PROTECTED CONDUCTOR RAIL 


Fic. 6—SHows AspINALL PROTECTED THIRD-RAIL WITH ENTERING 
RAMP FOR SHOE AND THE RETURN FOURTH-RAIL CONSISTING OF A PLAIN 
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One object of this form of rail is to provide a low center of gravity 
to prevent overturning. The rail is not bolted down to the 
insulator, C, but rests on top of it and is quite free to expand 
or contract. The rail is entirely inclosed with boards of Aus- 
tralian jarrah timber, which cannot be set on fire. The only 
opening around the rail consists in a slot at one side of the cover 
for the accommodation of the current collector. There is not 
a nail or bolt anywhere in the protecting guards. The ordinary 
trackman or plate layer can keep everything in order and the 
electrical man is only wanted to look after the copper bonding. 
The angle-shaped wooden guard B, in Fig. 3 rests directly against 
the rail surface. Another wooden guard shown at B’ protects 
the outer side of the rail. A bent-metal distance-piece F, is 
secured in place as shown, between the rail and B’. The guards 
are secured to the conductor rails, without bolts, by means of 
detachable metal clips, D. Wooden keys E, identical in shape 
with those used in Britain in fastening the running rails in their 
chairs, are held between the metal clips D and the wooden guard 
B. ‘The clips D are made from scrap spring plates, of which all 
railroad shops have large quantities. The clips D with the 
wooden keys /, bind the two sets of timber and the rail together. 
The space at G prevents any accumulation of water. Oneof the 
running rails is shown in Fig. 3 at K with the wedge holding it 
in place in its chair. 

The contact device, which, with its mounting, is shown in Figs. 
4 and 5, is hinged and a single helical spring pushes the upper 
part of the shoe casting outwards. The lower part of the con- 
tact shoe presses inwards against the conductor rail. The shoe 
arrangement is quite simple and a fresh shoe can be fitted very 
quickly. The method of mounting upon an insulating support 
is clearly shown. Fig. 6 shows a view of the protected rail with 
approaches and an unprotected fourth-rail used for the return, 
as in standard British practise. 

The advantages of this construction over the usual form, 
appear to be the very complete protection that can be furnished 
and the provision that can easily be made for considerable 
vertical variation in the relative positions of rail and collector. 

The Lancashire & Yorkshire Railway was the earliest main 
line in England to be electrified. Third-rail, with 600 volts, 
was used on the original installation between Liverpool: and 
Southport, where a very heavy service was operated. The 
average distance between stops on that section is 1.32 mi. and 
the schedule speed 30 mi. perhr. This section has been operated 
electrically for many years. Mr. Aspinall has long been inter- 
ested in the employment of higher voltages and in 1913 put into 
operation an experimental 4-mile, 3500-volt d-c. line with over- 
head conductor, between Bury and Holcombe Brook. The 
operation was satisfactory but problems connected with tunnels 
and bridges prevented the extension of the experimental line 
and the 1200-volt third-rail was selected for the present elec- 
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trification. These facts are mentioned to indicate that the 
chosen construction was adopted affer long experience with 
electrical operation under local conditions. 

A. S. McAllister: Will you tell us how the rail is protected 
from sleet ?—I did not hear that. 

H. M. Hobart: The opening between B and B’ (Fig. 3) is 
small, and the edge of B is seen to be beveled a little, so that the 
shoe bears firmly on the conductor rail. England has a mild 
climate, but I am of the opinion that sleet storms would occur 
occasionally. 

D. C. Jackson: In the latitude of London, I was told, some 
years ago a certain chestnut tree had been injured once in its 
life by sleet, and it was looked on as being a remarkable thing 
that there had been a sleet storm which would injure a tree. 

G. H. Hill: I think it would be interesting if we could ask Mr. 
Hobart to add to his discussion the method Mr. Aspinall uses 
for approaching that side approach in Fig. 6. It is a difficult 
problem to show the method of side approach with rail over 
branch tracks and cross-overs. 

H. M. Hobart: At approaches, the conductor rail is brought 
nearer to the running rail and the opening is wider, as shownin 
Fig. 6. 

R. L. Allen: May I ask Mr. Zogbaum if he can give us any in- 
formation as to the use of wooden horns for pull-off insulators 
on the catenary construction? 

Ferdinand Zogbaum: We have used both wood and porcelain. 
The wooden horns held up very well. The wood insulators are 
used generally between tracks on pull-offs. They have been 
taken out every three years and cleaned and found to be in per- 
fect shape, in fact, held up better than porcelain. The porcelain 
insulators used under these conditions are turned sideways, 
opposite to what they should be, and the weather got into 
the porcelain and in some cases destroyed them. I should say 
that the wood was very good, certainly as good as the porcelain. 

D. D. Ewing: There has been presented here considerable 
information on the subject of third-rail maintenance. I was doing 
some research work along the line of railway maintenance not 
long since, and I found very little data obtainable regarding the 
increased cost of the third track, that is, the running track main- 
tenance. I would be pleased to know whether any of the com- 
panies have done work along that line and to find out whether 
or not the third rail increased the cost of the maintenance of the 
running rails. 

J. V. B. Duer: I do not know that we have any such data, 
but think we could probably find out and submit those data if 
it is desired. Of course, there is one point in that connection, 
and that is, that bonding will unquestionably increase the main- 
tenance of the track rail, but cannot properly be considered as 
part of the track rail maintenance. 

D. D. Ewing: I was comparing third rail to trolley. 
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Ferdinand Zogbaum: Mr. Hixson, in his paper, did not bring 
out the incline of the flexible hanger used on curves, which 
eliminates all hard points on the trolley wire. On the curves 
the hanger is inclined and forms a sort of lever and as the 
pantagraph goes around under the curve, the trolley wire rises 
slightly, and that does away with the necessity of the pull-off 
which Mr. Hixson described. Also in the tangent, we have two 
wires. The steel contact wire is attached to the copper feeder 
wire between the hangers, giving a very flexible and springing 
contact for the pantagraph. 

J. B. Cox: Relative to the pull-off mentioned, on an ordinary 
curve, under ordinary conditions, single track, this loop hanger 
which ailowed the trolley wire to hang right under the messenger 
was quite satisfactory. There was no trouble there at all. 
Where we had a number of tracks, however, as Mr. Hixson 
pointed out, one wire had to bear the strain or pull over two or 
three other wires, and there was trouble from swinging. The 
heavy roll would pass under and hit, and so interfere, and there 
was trouble from striking. That was the case with the single 
roller. In the case of two units, with a pantagraph on each, 
and no connection between the two, there was little trouble, 
as a matter of fact, both with the loop hanger and the single 
trolley wire, which was suspended by the hanger directly under- 
neath the messenger. That construction is more flexible than 
where you have double wire and extra weight and less flexible 
hangers.» 

C. J. Hixson: In reply to Mr. Zogbaum, I note by referring to 
Mr. Amberg’s paper, under Compound Catenary, it is stated 
that on curves above 2 degrees, temperature affects the align- 
ment of the trolley wire so as to require a pull-off span between 
bridges. This would, therefore, seem to be one of the limiting 
features of this type of construction. With a pull-off span 
available it appears that the pull-off stresses could be taken 
care of without displacing the messenger and using a special 
type of hanger. 

As regards compound catenary construction of the type 
having the lower catenary parallel to the contact wire it seems 
unfortunate that advantage was not taken to obtain all possible 
flexibility. This could have been attained by hanging the trolley 
wire from the lower messenger by a loop instead of rigidly clamp- 
ing the two wires together. A construction of such a type would 
also have been cheaper as well as permitting slack to be taken 
out of the contact wire without disturbing the hangers. In 
general, pull-off and hanger construction should be such as not 
to interfere with line elasticity as temperature variations are 
taken care of in this way more easily than by adopting automatic 
temperature adjusters. 

D. C. Jackson: I want to add just one thing, which was 
brought to my mind through Mr. Hill’s remarks. He speaks 
of the self-inductance of the third rail, on account of its 
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magnetic character, giving some Switching difficulties. At the 
Massachusetts Institute of Technology we are working on some 
experimental investigations of the “skin effect” in steel rails, 
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THE PHASE ANGLE OF CURRENT TRANSFORMERS 


BY CHESTER L. DAWES 


ABSTRACT OF PAPER 


A method of testing the phase angle of current transformers 
by comparing readings obtained on a wattmeter whose current 
circuit is first connected to receive a part of the primary cur- 
rent (the remainder of the primary current passing in shunt 
through resistance) and then connected to the secondary cir- 
cuit; the potential circuit is supplied from the primary voltage, 
and capacity or inductance is used to give the effect of a low 
power factor in the wattmeter. Corrections are applied for 
the error of phase of the part of the primary current which 
passes through the wattmeter, and separately for the error 
of phase in the primary caused by the fact that the primary 
current is not exactly in phase with the voltage used to supply 
the wattmeter. A second method of connection is suggested 
which avoids the latter correction, and other methods includ- 
ing the use of a three-phase circuit are discussed. Results of 
tests are given, and also check obtained by the use of an a-c, 
potentiometer. The method requires only portable instru- 
ments. 


T OR NEAR unity power factor, the phase difference be- 
tween the primary and secondary currents of a current 
transformer has a negligible effect upon the accuracy of power 
measurements. When the power factor is as low as 0.7, however, 
this phase angle may introduce an appreciable error in such 
measurements. If in addition to the actual reading of the watt- 
meter, the true power and the power factor be known, there are 
sufficient data to determine this phase angle. Methods for 
obtaining and using the data just mentioned, are outlined in this 
paper. Further, it may be noted that by means of ordinary port- 
able instruments, this angle may be measured with sufficient ac- 
curacy for practical work. 

Referring to Fig. 1a, one phase of a three-phase alternator 
supplies current to an ammeter Ai, a bank of lamps, a second 
ammeter A», a wattmeter W, and the transformer to be tested, 
all in series. 

In the first part of the measurements the transformer is not 
necessary, and may be either short-circuited or removed alto- 
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gether. It is usually convenient to have it in circuit. In 
investigating this method a 10:1 portable transformer was used. 
In addition to the lamps in series with the ammeter and watt- 
meter, other lamps are necessary as a load on the generator, to 
insure constancy of its wave form, since later the generator 
load will be increased to the rated primary current of the trans- 
former. If the capacity of the generator is not sufficiently great, 
its wave form may change, due to this increase of load. To pre- 
vent this change the extra lamps are left constantly in circuit. 

To obtain the effect of a low power factor in the wattmeter 
and thus to intensify the effect of the transformer phase-angle, 
either an inductance coil or a condenser is connected in series 
with the potential coil of the wattmeter. It may be desirable 
to take observations first with one and then with the other, as a 
check. So far as the wattmeter is concerned, the condenser has 


ie one, 
Dt 


the effect of a lagging current in the main circuit, and the induc- 
tance has the effect of a leading current. An air-core inductance 
is desirable, as the third harmonic current required by an iron 
core may introduce an error into the result. As an air-core coil 
of sufficient inductance and sufficiently low resistance may not 
always be available, the potential circuit of an induction type 
instrument is a very convenient substitute. 

A voltmeter V2 is connected across the potential terminals of 
the wattmeter. This voltmeter and the wattmeter are each rated 
at 75 volts in this particular case, though a lower rating is de- 
sirable. The ammeter A; is not absolutely necessary, but is use- 
ful in adjusting the load of the alternator if this be found desirable. 
Neither is the voltmeter V; absolutely necessary, but in con- 
junction with V2 it gives a very convenient check on the fre- 
quency. 
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With the connections shown in Fig. 1a the current indicated by 
Az is adjusted to a value J, the desired secondary current of the 
transformer, and the voltage shown by V; is adjusted to some 
convenient value V, (120 volts in these particular tests). 

The wattmeter reading W, will then be 


W, = E, I, cos 0 (1) 


where @ is the angle between the voltage Vi and the current I 
in the potential circuit of the wattmeter (Figs. 2a, 28). 
1 = Voltage across lamps (Figs. 1a and 1B) 
E,, E, = Voltage across wattmeter, W, and voltmeter, V2 
I, = Current in A, and W (Fig. 1a) 
I,.= Current in transformer secondary (Fig. 13) 
I = Current in transformer primary (Fig. 18) 
The ammeter A» and the current coil of the wattmeterjare now 


transferred to the secondary of]the current transformer, the 
potential circuits remaining undisturbed (see Fig. 1s). » The 
transformer primary current J is adjusted until A» reads J», the 
same value of current as before. The generator voltage is ad- 
justed until the voltmeter V2 gives a reading Ee, equal to Fi. 
The primary current is presumably still in phase with Vi, ) 
remains unchanged, the current passing through the wattmeter 
and the potential across its terminals are both the same as before. 
Therefore, any change in the wattmeter reading is apparently due 
to the phase displacement in the transformer. 

Let this angle of phase displacement be 8 and this last watt- 
meter reading be Wz. Then, 


W. = ExT. cos (0 + B) = Ei:li cos (0 + 8B) (2) 
— I, usually leads J by the angle £. 
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Under these conditions the positive sign is taken when the 
inductance coil is used, and the negative sign when the con- 
denser is used (see Figs. 2a, 28). Also Wz, will ordinarily 
be less than W, if inductance is used in the wattmeter potential 
circuit, and greater than W, if capacity is used. 

From equations (1) and (2) 


? =.cos 7 po. (3) 
(0+ B) = cos"!, aa (4) 


E,,E, 


FiGe2A Fre. 28 


It is of course necessary that 9 remain unchanged, hence 
the frequency must be the same in both cases. The ratio 


aan does not change with constant frequency, and hence may be 
2 


used as a check of such constancy. 

The preceding discussion assumes that the currents J, and I 
are in the same phase relation to Vy. This is true only when the 
inductance of the ammeter and the wattmeter current coil taken 
together is negligible compared with the resistance of the lamp 
bank. As the angle 6 is ordinarily much less than one degree, 
a very small inductance in these instruments will cause I, to lag 
behind V; by an angle sufficiently large to introduce a very appre- 
ciable error in the results. 

In these experiments the ammeter and the wattmeter were of 
the well-known P-3 type, having 5-10 ampere scales. The 
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10-ampere scale of the ammeter and the 5-ampere scale of the 
wattmeter were used in every case. 

To determine the magnitude of the error due to their induc- 
tance, each one was measured by a *Drysdale d.c—a.c. potentiom- 
eter, and found to be as follows: 


Inductance of ammeter current coil..... 5.5. X10-* henry 
Inductance of wattmeter current coil....15.85 10-5 henry 


These inductances together produce a lag angle of 12 minutes 
in the circuit containing these instruments, and as 12 minutes is 
nearly one-half the angle that is being determined, a correction 
must necessarily be made forit. _ 

Referring to Figs. 3a and 38, Ji, instead of being in phase with 
Vi, lags by anangle a. 

Therefore, formula (1) must be changed to: 


Wy SET I cos (6 + @) (5) 


E,E, 


Fic. 3A Fic. 3B 


the negative sign being taken with inductance and the positive 
sign with capacity in the potential circuit of the wattmeter. 

When the ammeter and wattmeter current coils are transferred 
to the transformer secondary, 


W. = E2 I. cos (6 = B) as before (6) 


The positive sign is used with inductance, and the negative 
sign with capacity in the potential circuit. 

In either case, solving (5) and (6) simultaneously, the value 
of 8 + a may be found. 

Another error may occur after connection is made to the trans- 
former secondary. The primary current J is assumed in phase 


*See paper ‘‘ Measurement of Voltage and Current over a Long Arti- 
ficial Power Transmission Line’, by A. E. Kennelly and F. W. Lieber- 
knecht. A.I. E. E. Trans., Vol. XXXI (1912) p. 1131. 
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with the voltage Vi, but this is not exactly true. The current 
taken by the potential circuits of the two instruments, W and V2, 
is out of phase with V; by the angle 6. Small as this current is, 
it may in virtue of its large phase angle introduce error as great as 
40 per cent, if the primary current be in the neighborhood of 
25 amperes. The error will be proportionately smaller with 
larger currents in the transformer primary. This angle will make 
the phase angle 6 apparently smaller than its actual value when 
inductance is used, and apparently larger when capacity is used. 
The angle 8 will be the mean of these two values, if the angle 0 
is the same when inductance is used as it is when capacity is used. 
In any event an exact correction can be easily made. 


E;,E2 


Fic. 44 Fic. 438 


Vi = Voltage acrosslamps. (See Figs. 1a and 13) 
i, Ex = Voltage across wattmeter W and voltmeter Vo. 
I, = Currentin A,and W. (See Fig. 1a) 
I; = Current in transformer secondary (Fig. 1s) 
I = Current in transformer primary (See Fig. 1s) 
I, = Sum of potential currents in Wand Vz. 
Referring to Figs. 4a and 48, showing the use of inductance and 
capacity, respectively, 


W, = Ey qT, COs (0 se Q) (7) 


the negative sign is used with inductance and the positive with 
capacity, 


We = Es Ie cos (@-—vy + B) (8) 
the positive sign is used with inductance and the negative with 
capacity. 

Then, 
W, 
Revises Setar (9) 


Ws 


96—y + B=cos? Ev, (10) 
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from which 8 + a — y can be determined, if inductance be used, 
and B+ a+ vy if capacity be used. 
The angle y is found as follows: 


I, sin0 


T (Figs. 4a, 48) (11) 


sin Y = 


LF Sie voc (12) 


where @ is the angle between V, and the total current J, in the * 
potential circuits of Veand W; 6 may be determined from formula 
(3) with sufficient accuracy; r is the equivalent parallel resistance 
of the wattmeter and voltmeter potential circuits. 

The correction for y may be obviated by connecting one 
potential lead outside the current transformer, but dummy in- 
struments, having constants equal to those of A» and the current 
coil of Wi, must be substituted in the current transformer 
secondary in order to maintain the same impedance drop through 
the transformer. This appears to be a rather doubtful expedient. 

Below are given the results of tests made with a 10:1 portable 


current transformer. 
Inductance (2.36 henrys) 


Meters 
in V1 Ei qh W1 cos (@-a) O-a 
Primary 
120.0 34.25 5.00 87.5 0.5105 59° 18’ 
Meters ; 
in Vi E: Iz W2 cos(@-7+B8) @-;7XB 
Secondary 
120.0 34.25 5.00 86.0 0.502 59° 52’ 
B+a-—y = 34’ 
a = 12’ (From inductance of instruments) 
y = 7 (Formula 11) 
(x) = Pais 
Capacity (4.41yf)* 
Meters 
in Vi Ei qh Wi cos ((+ . 6+ 
Primary 
120.0 _ 53.2 5.00 116.5 0.4375 64° 3’ 
Meters 
in Vi | Es In W2 cos (@-B-y) 6-f-y 
Secondary J 
120.0 53.2 5.00 120.0 0.4510 63cm! 
Btaty =51' 


a =12’ (From inductance of instruments) 
y =1)’ (Formula 11) 
B = 28’ 


* uf = microfarads 
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The inductance of the instrument current coils is not usually 
known, and its determination may require the use of apparatus 
not readily available. By using the connection shown in Fig. 5, 
GB may be determined without a knowledge of the constants 
of the instrument current coils. : 

The potential circuit of the instruments is connected directly 
across the lamps in the instrument circuit so that the current 
in the potential circuit makes an angle 6 rather than an angle 
(@ + a) with the current passing through the lamps. The cur- 
rent in the potential circuit also passes through the current coils 
of the instruments, but knowing its value and phase angle, its 


effect on the meter readings can be readily determined. 
Thus: 


i= a formula (12) 


Fiess5 


The resistance of the potential coils is either marked on the 
instruments, or may be easily measured. 
Referring to Figs. 6a and 6s, 


cos 0 = aye (13) 


I; is the current in the current coil of the @vattmeter. Since 
I, is usually small compared with I 1, 0 may be found from (13) 
and as a first approximation, may be assumed equal to 0. 

Then 9, Fig. 6a and 63, is given by 


sway Ipsin 6 (14) 


1 
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Another trial for the value of w may be necessary, but this 
method of trial and error is simpler than solving the figure trigono- 
metrically. 

V, = Voltage across lamp bank. 
E,, E, = Voltage across wattmeter W and voltmeter V2 
I, = Currentin Azand W (Fig. 1a) 
I, = Current in transformer secondary (Fig. 64, 6B) 
I = Current in transformer primary (Fig. 6A, 6B) 
I, = Sum of potential currentsin Wand V2 

The phase angle of the transformer may then be determined 

as follows: 


cos 0 = a} as in (3) (15) 
We Te. 
= cos (6+ B—y) =cos(6+% = B - 7) (16) 


Fols 


Fic. 6A Fic. 6B 


The upper sign is used with inductance and the lower ones with 
capacity in the potential circuit. 

B may be found after having determined y by formula (11). 

Below are given the results obtained by the use of this method. 


Inductance (2.53 henrys) 


Meters 
in Vi Ei qh Wi cos 6 6 y 56+" =6 
Primary 
120.0 31.2 5.0 84.0 0.5385 51°25! 191 58°26" 
Meters 
in Vi Ea Io W2 cos (8+8—7) 6+B-r 
Secondary 
ee ce at a te a 
120.2 31.2 5.0 81.0 0.519 58°44’ 
(ee So EE a EEE EEE 
B—r = 18’ 
Gow 6" formula (11) 
B = 24’ 
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Capacity (5.35ynf) 


Meters 
in Vi Ei I Wi cos 6 6 y é+y =8 
Primary 
120.0 61.2 5.0 166.0 0.543 bay fe fe 2°37) 59°10" 
Meters 
in Vi E2 I2 We cos( 6—@-T) (6- B-7) 
Secondary 
118.0 61.2 5.0 160.0 0.5225 58°30/ 
B+r = 40’ 
1 ee Ip formula (11) 
B = 28’ 
Capacity (4.41,f) 
Meters 
in Vi Ei qi Wr cos 6 5 y é+y=0 
Primary 
120.0 63.1 5.0 125.0 0.471 61954’ 1°51’ 63°45’ 
Meters 
in V1 Ex Ie W2 cos(@- B-r) (6-6-7) 
Secondary 
ee eee ee 
119.2 efit 5.0 120.0 0.453 63°4’ 
Bre Ale 
r = 11’ 
B = 30’ 


In each of the preceding cases, the low power factor in the 
wattmeter was obtained artificially by connecting either induct- 
ance or capacity in series with its potential circuit. Asa three- 
phase generator is usually available, the low power factor may 
readily be obtained by connecting the lamp load and transformer 
across one phase of the generator and taking the potential from 
either of the other two. The potential, if taken from one phase, 
produces the effect of a lagging current, and if taken from the 
other phase produces the effect of a leading current. In either 
case, correction for the angle y is obviated, since no low power 
factor potential circuit current passes through the transformer 
primary. The connections for this method of testing are shown 
in Figs. 7 and 8. 

Extreme care must be exercised when this method is employed, 
as the results are dependent on duplicating the current and 
voltage relations in each of the two tests, first when the ammeter 
and wattmeter are in the primary circuit, and second when they 
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are in the secondary circuit of the current transformer. The 
ammeter, Ai, and the voltmeter V; are now absolutely necessary, 
the former to keep the load the same in each case, and the latter 
as a check on the unbalancing of the generator voltages. In 
fact, a third voltmeter connected across the third phase is de- 
sirable to serve as a check on this unbalancing. 


Fie, 7 


In addition to duplicating the load, the circuit constants should 
remain unchanged in both cases (Figs. 7 and 8). Consequently 
two dummy instruments are employed, an ammeter As, similar 
to Az, and a wattmeter W2, similar to W;. When Az and W; are 
in the primary circuit, these two dummies are connected in the 


6 


Alternator: 


secondary circuit of the transformer (Fig.7). Whenit is neces- 
sary to change Az and W, to the transformer secondary, their 
places in the primary are taken by the dummies (Fig. 8). The 
voltmeter V; should have a high ratio of resistance to inductance, 
as a very small lagging current may introduce an appreciable 
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error in the results, equivalent to the error introduced by the 
angle y. 

If the generator be so large that its voltages remain balanced 
under the load, power factors of 50 per cent, either lagging or lead- 
ing, are obtained. With a 12-kv-a., 120-volt alternator, the writer 
obtained power factors of 61 per cent and 32 per cent respec- 
tively. 

The advantages of this method over those stated earlier in the 
paper are that neither inductance nor capacity is necessary, no 
correction for the angle y needs to be made, and a slight change 
of frequency does not introduce an appreciable error. On the 
other hand, more careful adjustment of the load is essential, and 
more instruments are necessary. — 

Below are given the results of tests in which this method was 
utilized. 


Current Lagging 
SE ee Bee Ee 
Meters 


in Vi Ei Wi Th cos(@—@) g-@ 
Primary 
120.0 140.2 426.0 5.0 0.608 52°33 
= ee See ee ee ee ee. 
Meters 
in Vi Ee We Ie cos(@+ B) 6+ 8 
Secondary 
120.0 140.2 420.0 5.0 0.599 §3°127 
Bra = 39/ 
@ = 12’ (from inductance of instruments) 
B = 27" 
Current Leading 
Meters 
in Vi EB; Wi Ty cos(@+@) g+a 
Primary } ; 
120.0 118.8 188.0 5.0 0.3165 TERRY 
Meters 
in Vi Es We Io cos(6— B) 6-B 
Secondary 
120.0 118.8 194.4 5.0 0.327 10°55" 
ao = 38% 
@ = 12’ (from inductance of instruments) 
B = 967 


In all these experiments the wave forms of the voltages and 
the currents in the primary and in the secondary of the trans- 
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former, and of the current taken by the potential circuits, were 
investigated with an oscillograph, and no radical departure from 
a sine wave was observed. 

These methods of determining phase angle are not advocated 
where a high degree of precision is desired. The results are 
dependent upon the difference of two nearly equal quantities, 
and a slight error in one observation introduces a much greater 
percentage error into their difference. On the other hand, the 
methods involve only portable instruments; ordinary errors in 
the ammeter and voltmeter do not affect the results; and the 
wattmeter reading changes so slightly, that it is a question if 
the instrument need be calibrated. . Furthermore, the measure- 
ments can be made without introducing additional resistance 
into the transformer secondary. If the adjustments and obser- 
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Current 
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Fic. 9 


vations are carefully made, the degree of accuracy obtainable 
is sufficient for most practical purposes. In fact, when power 
corrections for phase displacement are being made, it is not 
necessary to know the angle to a high degree of accuracy. 

To check the results obtained by the previous methods the 
phase angle of the transformer was measured with the Drysdale 
a-c. potentiometer. The diagram of connections is shown in 
Fig. 9. 

The voltages across the resistances oa and ob were first 
measured. Asthe potentiometer necessarily measures their 
phase relations to the voltage E, it would seem that the 
phase angle could be determined directly from these two read- 
ings. But the smallest division on the angle scale, corresponding 
to one degree, is about one millimeter, and hence the measured 
value of the phase angle would depend entirely upon the accuracy 
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of estimating tenths. Consequently, the voltage across the 
open ends, ab, was also measured. These results are shown 
vectorially in Fig. 10. Solving the triangle of voltages and 
correcting for the lag angle of the stand- 
ard resistances, the angle 6 is found to be 
28’, which closely checks previous results. 
Incidentally, the ratio of transformation 
49.89 
5.008 
In closing the writer wishes to thank Prof. H. E. Clifford of 
Harvard University, and Prof. F. A. Laws of the Massachusetts 
Institute of Technology, for helpful criticisms and suggestions. 
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found from these data is 
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THE CALIBRATION OF CURRENT TRANSFORMERS 
BY MEANS OF MUTUAL INDUCTANCES 


THE MEASUREMENT OF MUTUAL INDUCTANCE AND SELF- 
INDUCTANCE AND ALTERNATING-CURRENT RESISTANCE 


BY CHARLES FORTESCUE 


ABSTRACT OF PAPER 


Reasons are given for the selection of mutual inductances as a 
means for calibrating current transformers, the most important 
of which.is the wide use to which they may be put besides the 
calibration of current transformers. 

The design and manufacture of the apparatus are described, 
reasons being given for the choice of the form of the secondary 
coil of the mutual inductance, which is a uniformly wound 
ring, and of the material used for the core, namely, marble. The 
formula used in calculating the values of mutual inductance 
is given and its limitations stated. Variations in physical di- 
mensions are given and errors in calculated value discussed. 

The method of calibrating the mutual inductances is described, 
which illustrates also one method of using the apparatus for 
measuring mutual inductance. 

The method of measuring ratios and phase displacements 
by means of the apparatus, and the merits of various instruments 
for obtaining a balance, are described and discussed. 

An artificial method of loading the transformers under test is 
proposed. Its advantages are pointed out. 

The use of the apparatus for measuring mutual inductance, 
self-inductance and alternating-current resistance is described. 

In conclusion it is stated that the apparatus has been satisfac- 
tory, and has given little difficulty in manufacture. 


INTRODUCTION 

qk ACCURATE calibration of current transformers is a 
problem of considerable commercial importance, but it 
is only in recent years that this fact has been realized. As 
a result, null methods of measurement have come to be 
adopted on account of their convenience and accuracy. The 
apparatus herein described is believed to be the first commercial 
application of mutual inductances for measurement of ratio and 

phase displacement on current transformers. 
The use of mutual inductances for measuring the ratio and 
phase displacement of current transformers is not new, their 
employment for this purpose is mentioned by Albert Campbell, 
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B. A., of the National Physical Laboratory, in an article in the 
Philosophical Magazine, Vol. XIX, 1910. 

The method of using mutual inductances for calibrating cur- 
rent transformers described in the present paper was arrived at 
independently by the author, though later it was found that a 
similar arrangement of mutual inductances had been previously 
proposed by Messrs. Sharp and Crawford, in a paper presented 
at the Annual Convention of this Institute on July 1, 1910, 
under the title ‘‘Some Recent Developments in Exact Alter- 
nating-Current Measurements.’’ 

The reasons that led me to prefer the use of mutual inductances 
to that of non-inductive resistances were: 

(a) The possibility of calculating the mutual inductance from 
the physical dimensions and thereby having absolute values. 

(b) The ease with which a high degree of sensitiveness may be 
obtained. 

(c) The great flexibility of the method. 

(d) The numerous uses to which mutual inductances of the 
range and character necessary could be put. 

In the above-mentioned paper, Messrs. Sharp and Crawford, 
commenting on the use of mutual inductances, say: 

‘The advantages of this method over the method using re- 
sistances are: 

(a) The energy expended in the apparatus may be made 
exceedingly small. 

(b) By properly proportioning the numbers of primary and 
secondary turns on the mutual inductances it is possible to obtain 
electromotive forces in the galvanometer circuit which are much 
greater than the drops in the primary coils, hence greater 
sensitiveness can be obtained without the introduction of an 
undue impedance in the secondary of the transformer under 
test. 

(c) It is not necessary to connect the primary and secondary 
circuits together, and leakage effects are therefore reduced. 

The disadvantages of the proposed method are: 

(a) Mutual inductances are not so easily calibrated as resist- 
ances. 

(b) It is difficult to construct accurate mutual inductances for 
large currents, although probably not more so than in the case 
of resistances. 

(c) Stray fields effects will influence the ratio directly, requir- 
ing astatic construction of the mutual inductances and great 
pains with the location of the leads carrying heavy currents ”’ 


1915] FORTESCUE: TRANSFORMER CALIBRATION 1601 


Messrs. Sharp and Crawford, however, made no suggestions 
as to the means to be employed to overcome the disadvantages 
mentioned. It is hoped, therefore, that the following statement 
of the means used to overcome these difficulties in a testing out- 
fit which has been in constant use for several years will be of 
interest not only to those directly concerned with the design, 
calibration and use of current transformers, but also to the physi- 
cist, as exemplifying how methods generally considered as per- 
taining only to physical laboratories may be adapted for use on 
commercial testing floors without any particular consideration 
being given to favorably locating the apparatus. 


DESIGN AND CONSTRUCTION OF THE MutuaL INDUCTANCES 


The fact that the apparatus was to be used on a commercial 
testing floor made it doubly necessary to insure that no external 
current could affect its accuracy; it was therefore necessary to 
have mutual inductances as nearly as possible perfectly astatic. 
It is well known that a uniformly wound ring of uniform cross- 
section has no external magnetic force; it follows therefore that 
its mutual inductance with any circuit which does not encircle 
it must be zero. On the other hand for a loop encircling the 
solenoid, the mutual inductance is constant and independent 
of the size and position of the loop, provided that the secondary 
winding is very fine and closely wound. This form of coil is 
therefore admirably adapted for the secondary of a mutual 
inductance in which variations in value may be obtained by 
changing the number of primary turns encircling the secondary 
coil. 

Considering the disadvantages enumerated in the paper by 
Sharp and Crawford, (b) and (c) immediately disappear if 
this form of construction be used with fine enough wire in the 
secondary; for, on account of the astatic featuresofthe ring-shaped ~ 
solenoid, the induced e.m.f. will depend only on the product of 
the primary current and the number of convolutions of the 
primary winding and not on the space distribution of the en- 
circling currents. It is therefore as easy with this form of coil 
to construct accurate mutual inductances for large currents as for 
small. If the mechanical accuracy of the coil is sufficient to give 
nearly perfect astaticism, then it should be possible to calculate 
the mutual inductance accurately enough to make calibration 
unnecessary. It is, however, not a difficult matter to measure ac- 
curately the ratio of two mutual inductances and this is all that 
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is necessary for the calibration of current transformers, provided 
that the mutual inductances are known with a fair degree of 
accuracy. The disadvantage marked (a), is therefore disposed 
of satisfactorily by this form of mutual inductance. 

The circle was chosen for the form of cross-section of the sole- 
noid rather than the rectangle, for the reason that while the latter 
would have made an easier form to machine the secondary would 
have been much more difficult to wind in such a manner as to 
insure perfect adherence of all the loops to the flat sides of the 
rectangle. A ring of circular cross-section is considerably more 
difficult to machine accurately, but the secondary coil can be 
wound on it with greater ease and accuracy. 

It was necessary to decide on some suitable material from 


Direct Current 
Galvanometer 


Mutual Inductance M, 2 Ci 
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Synchronous ny | 
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Fic. 1—D1acGram oF Mutua InpDucTANCE METHOD OF CALIBRATING 
CURRENT TRANSFORMERS 


which to make the rings. On the basis of tests made by the 
Bureau of Standards, marble appeared to be the most suitable 
matérial; it was therefore decided to have rings made of this 
material and carefully machined to required dimensions. The 
roughing was done with steel tools, but the finishing cuts were 
made with a diamond. The variations in external diameters and 
diameters of cross-section measured at different points were less 
than 0.001 in. in the finished rings. 

Two principal mutual inductances M, and M> ate required 
for the method of test under discussion, a simple diagram of 
which is shown in Fig. 1. The other two mutual inductances, 
M,’ and M,”, give the fine graduations and do not require to be so 
accurate. iM» was designed to give a secondary e.m.f. of approxi- 
mately four volts with a current of five amperes at a frequency of 
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Fic. 2—CoOMPLETED SECONDARY WINDING 


[FORTESCUE] 
Fic. 3—M» CoMPLETE WITH PRIMARY WINDING First USED 


[FORTESCUE ] 
Fic. 4—M, CompLeTEeE SHOWING 225.5 AMPERE WINDING 
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60 cycles per second flowing through all the primary loops in series. 
Provision was made for cutting out the number of primary loops 
by one-half per cent steps, so that a minimum of 200 turns was 
required in the total primary winding. By means of the mutual 
inductances M,’ and M,»" each 0.5 per cent step could be varied 
by smaller steps of one per cent of its value, thereby giving 
adjustment to 0.005 per cent of the total. 

In the design of M2, the size wire chosen for the secondary 
winding was 0.0201-in. double cotton covered round wire which 
when wound in a closed uniformly wound solenoid of 922 turns 
gives a mutual inductance of the required value. The average of 
a large number of measurements made at distributed points on 
the marble ring on which this coil was wound gave 

Meanradiuswrn sia Are oy 8.96 inches 


“ 


The maximum variations in the measurements did not exceed 
0.001 in. 

For convenience and accuracy in winding the finished ring 
was mounted on a mill-head in such a way that sections of the 
supports could be removed and replaced, leaving a section of the 
ring exposed for winding. As a guide for the wire a template 
giving the proper pitch for the convolutions was carried on a 
fixed support and fitted closely around the ring. The wire was 
wound snugly against the template by hand and after each 
turn was completed the mill-head was rotated through an angle 
corresponding to the pitch of one turn and the operation re- 
peated. In this manner a very uniform solenoid was obtained. 
After completion the solenoid was brushed with several coatings 
of air-drying varnish and allowed to dry. The finished solenoid 
is shown in Fig. 2. 

The mutual inductance M, was initially designed for a range 
of primary currents of from 225 amperes to 5 amperes, the cor- 
responding current for M2 being 5 amperes; but provision was 
made so that later on a second set of primary windings, having a 
range of from 5000 to 225 amperes could be added. The primary 
winding was sub-divided into 12 coils equally spaced around the 
perimeter of the ring, so that a large number of symmetrical 
groupings of the coils is obtainable. Each of these coils have 
22 turns of 0.144-in. double cotton covered wire. The secondary 
solenoid was of 0.0201-in double cotton covered wire, uniformly 
wound on a marble ring in the same manner as in M; and con- 
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tained 414 turns. The dimensions of this ring obtained in the 
same manner as for M», were 


WMiearaia chic aes clea e bene mci ne eer 4.02 inches 
Radius of cross-section.........-. 13338 3% 


The primary winding of M2 was initially made up of 10 
equally spaced coils of 20 turns each, one of which had loops at 
the end of each turn, but later on this was changed to a winding 
of 10 closed solenoids encircling the ring of 20 turns each with 
start and finish leads symmetrically spaced around the pert- 
meter of the ring. This change was made after finding that 
slight regularities in the winding of the secondary produced 
differences in the mutual inductance with different coils of the 
order of 0.2 or 0.3 per cent, and also because’ it was desired to 
reduce the self-induction of the primary winding when only a 
small portion of it was in use. 

The primary winding of M, for the range of from 5000 am- 
peres to 225 amperes was later added and consisted of 12 single- 
turn loops symmetrically disposed and arranged for symmetrical 
grouping. 

The values of mutual inductances were calculated by the - 
formula 


M = 407mm (a —-Va? —2 + 2k Va? — 2) 


where a is the mean radius, c is the distance between the center 
of cross-section of the ring and the center of the wire, and kis a 
function of a, b and c, where 0 is the radius of the conductor. 
The value of kis 


2, tee ry Vaal ae 9 15 
fut oat Bi O42) + a3 i (35°45 45+ BY) 


PEON 67" © gtsds7s 946 
+ 3.4.6-8 iA Stang 16 Sichinpgede ah a) ‘be she 
where Las 
a’?—¢? 
52 
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The above series for k is rapidly convergent for rings of the 
proportions given above and the correction is usually extremely 
small and may generally be ignored. The formula was deduced 
on the assumption that the current would be uniformly distrib- 
uted over the section of the secondary conductor. This as- 
sumption of course is not absolutely correct and there will be a 
slight variation in the mutual inductance, both with frequency 
and also with changes in the radial distance of the primary coil 
from the secondary winding, due to changes in the distribution of 
current over the surface of the secondary conductor. Within the 
range of commercial frequencies the error due to frequency 
in these mutual inductances was so small as not to be discern- 
ible, and that due to differences in radial distance between the 
primary and secondary windings is probably of the same order 
of magnitude. 

The calculated values of M, and My, with the maximum 
number of primary convolutions are 


M, = 0:8265 millihenry. 
Vo =so2 22a) 


The value of M, was measured by comparison with a mutual 
inductance which had recently been calibrated by the Bureau of 
Standards and found to be 0.8216 millihenry, and the same 
value was obtained by comparing with Me, using the above 
calculated value for M:. No reason has been found for this 
large discrepancy from the calculated value, but it has been 
attributed to a fault in the winding of the secondary solenoid 
of which there was some evidence, whereas in the case of Me 
we were confident the secondary winding had been done correctly. 


GENERAL ASSEMBLY AND ARRANGEMENT OF APPARATUS 


The apparatus was assembled so as to secure the utmost 
flexibility and compactness. The complete apparatus, including 
panels, dials, and mutual inductances, can be moved as a unit 
after being disconnected from the testing table. The secondaries 
of any of the mutual inductances may be reversed and by means of 
switches the terminals of the measuring device, which in this 
apparatus at present consists of a direct-current galvanometer 
and a synchronous contactor, may be shunted across the 
secondary of M, or across the non-inductive resistance R in the 
secondary circuit of the transformer under test. 

Panels for M, and M,’,which have a common secondary 
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winding, (M,’ having a primary range 225 amperes to 5 amperes 
and M, having a primary range of 5000 amperes to 225 amperes, ) 
are arranged so that the 12 coils can be connected all in series, or 
groups of one, two, three, four and six coils in series can be 
connected in parallel between two busbars. Great care was 
taken in the case of the 5000-ampere winding to arrange the 
busbars and connections so as to make the stray field a mini- 
mum. A test made with 5000 amperes in the primary of M, 
showed no appreciable effect on the secondary winding of M2». 
The primary winding of M2 is connected to two dials num- 
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Fic. 5—Wirinc DIAGRAM oF APPARATUS 


bered 1 and 2, so that it may be cut into the electric circuit by 
steps of one-half per cent of its total value. My,’ is arranged 
somewhat differently from this, having a secondary consisting of 
10 complete closed solenoids which are arranged to be cut in or 
out of the secondary circuit of the mutual inductances by steps 
which are approximately equal in value to 0.0005 of M>: 
M," has its primary arranged so as to be cut in and out in 10 
equal steps approximately equal to 0.00005 of M;,. The non- 
inductive resistance R is of manganin and has a slidi 
which carries only the galvanometer current. 

In addition to being laid out for measuring ratio and phase 


ng contact 
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[FORTESCUE ] 
Fic. 6—GENERAL VIEW OF APPARATUS SHOWING ARRANGEMENT OF 
PANELS AND DIALS 
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Fic. 7—GENERAL VIEW OF APPARATUS IN USE 


PLATE CIX. 
A. KE. Ee 
VOL. XXXIV, 1915 


[FORTESCUE ] 
Fic. 8—Back VIEW oF APPARATUS SHOWING WIRING OF MUTUAL 


INDUCTANCES 


[FORTESCUE ] 
Fic, 9—SIpDE VIEW oF APPARATUS SHOWING ARRANGEMENT AND WIRING 
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displacement of current transformers the apparatus is arranged 
for measuring mutual inductance, either by direct measurement 
or with the aid of an adjustable resistance bridge (Figs. 10 and 
13), and for measuring self-inductance and alternating-current 
resistance (Fig. 13). Figs. 5, 6, 7, 8 and 9 give a good gen-| 
eral idea of the arrangement of the different elements in the ap- 
paratus. 


CALIBRATION OF Murua. INDUCTANCES 
Owing to the fact that M, showed a discrepancy from the 
calculated value it was considered advisable to measure the 
ratio M2/M, for all conditions. The method shown in Fig. 10 
was used. The rectifier is set at angular positions to give maxi- 
mum sensitiveness for ohmic and reactive drop respectively. 
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Fic. 10—D1aGRAM OF CONNECTIONS FOR CALIBRATING MUTUAL 
INDUCTANCES 


The resistances and reactances of the two sides of the secondary 
circuit of the mutual inductances are then adjusted by means of 
the adjustable resistance Ry, and the adjustable mutual in- 
ductance L. Switch S is then opened and the resistance arms 
R, and R, of the bridge are balanced and if these have mutual 
inductance a further adjustment of L will be necessary, in order 
that the galvanometer shall show zero at all positions of the 
rectifier. This procedure may be repeated until a satisfactory 
balance is obtained both with the switch closed and open, then 
the following relation holds: 


M, NG 
M, Ry 


It is not necessary for R. and R,; to be perfectly non-inductive, 
but they must show no change of resistance due to differences in 
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frequency, that is, their direct-current resistance must be the 
same as their alternating-current resistance at commercial fre- 
quencies. The resistance bridge used was a five-decade bridge, 
a careful check was made on the accuracy of the bridge by making 
direct and reciprocal measurements; all measurements checked 
very closely, the maximum variation from the average of these 
readings being 0.0002 of the total value. The measurement cir- 
cuit was arranged so as to avoid as much as possible mutual in- 
ductance, but measurements were taken with the secondaries of 


TABLE I—MUTUAL INDUCTANCE M2 IN MILLIHENRIES 
DIALS NO. 1 and No. 2 


Dial No. 1.° Points 0 to 9 
0 1 2 3 4 5 6 7 8 9 
Poe | fae | See 
| 0 |0.0000|0.302410.6048/0.9071|1.2095]1.5117] 1.8140 | 2.1161 | 2.4181 | 2.7205 
1 10.0154/0 .3178]0 .6202/0 .9225)1 .2249/1.5271] 1.8294 | 2.1315 | 2.4335 | 2.7359 
2 |0.0305/0 .3329|0 .6353]0 .9376|1.2400]1 .5422) 1.8445] 2.1466 | 2.4486 | 2.7510 
3 10.0455/0 .3479|0 .6503/0 .9526]1.2550]1.5572| 1.8595 | 2.1616 | 2.4636 | 2.7660 
g 4 10.0607|0 .3631|0 .6655/0 .9678]1 .2702]1.5724| 1.8747 | 2.1768 | 2.4788 | 2.7812 
5 5 |0.0759)0 .3783|0.6807|0 .9830]1.2854!1.5876| 1.8899 | 2.1920 | 2.4940 | 2.7964 
8 6 |0.0911)0.3935/0 .6959]0 .9982/1 .3006]1.6028] 1.9051 | 2.2072 | 2.5092 | 2.8116 
a 7 |0.1062/0.4086/0.7110]1.0133]1.3157|1.6179]| 1.9202 | 2 2223 | 2.5243 | 2.8267 
q 8 |0.1213/0.4237|0.7261]1.0284]1.3308]1.6330| 1.9353 | 2.2374 | 2.5394] 2.8418 
© 9 |0.1363/0.4387|0.7411]1.0434]1.3458]1 6480] 1.9503 | 2.2524 | 2.5544] 2.8568 
10 |0.1513)/0.4537|0.7561]1.0584]1.3608]1.6630| 1.9653 | 2.2674 | 2.5694 | 2.8718 
“ | 11 |0.1666/0.4690|0.7714|1.0737|1.3761|1.6783] 1 .9806 | 2.2827 | 2.5847 | 2.8871 
So | 12 |0.1816]0.4840]0.7864]/1.0887]1.3911|1.6933] 1.9956 | 2.2977 2.5997 | 2.9021 
A 13 |0.1967/0.4991)0.8015]1.1038]1.4062]1.7084| 2.0107 | 2.3128 | 2.6148 | 2.9172 
& | 14 |0.2117/0.5141/0.8165]1.1188]1.4212|1.7234] 2.0257 | 2.3278 | 2.6298 | 2 9322 
A 15 |0.2268]0.5292/0.8316]1.1339]1.4363]1.7385] 2.0408 | 2.3429 | 2.6449 | 2.9473 
16 |0.2419/0.5443/0.8467/1.1490]1.4514]1.7536] 2.0559 | 2.3580 | 2.6600 | 2.9624 
17 |0.2568]0.5592/0.8616]1.1639]1.4663]1.7685| 2.0708.| 2.3729 | 2.6749 | 2.9773 
18 |0.2718/0.5742/0.8766]1.1789]1.4813]1.7835] 2.0858 | 2.3879 | 2.6899 | 2.9923 
19 |0.2868/0.5892|0 .8916]1.1939]1.4963]1.7985] 2.1008 | 2.4029 | 2.7049 | 3.0073 
20 |0.3017/0.6041|0.9065/1.2088]1.5112/1.8134| 2.1157 | 2.4178 2.7198 | 3.0222 


both mutual inductances reversed with respect to the rest of the 
circuit and. differences were found which amounted to less than 
0.0003 of the total value which were found to be due to the self- 
inductance L, which was not astatic, so the arithmetic mean of the 
two readings was taken for the true ratio M2/M,. 

It was found that in the case of M,, it was only necessary 
to have the ratios for the series arrangement of the primary coils, 
the values for the other groupings being equal to that for the 
series arrangement multiplied by the ratio of the number of 
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coils in series in the group to the total number. Tests were 
nevertheless made for the complete range of. groupings, on 
the 5000-ampere winding, as well as on the 225-ampere winding, 
the sensitiveness being increased with the larger ratios by using 
larger primary currents. 

Tabulated values of M, derived from these tests are given in 
Table I, and the ratios, M2/M,, are givenin TableII. It will 
be noted how close these values are to the calculated values for a 
perfectly astatic mutual inductance. 


TABLE II—RATIO, Mz + Mi. FOR SMALL PANEL AND DIALS 
NO. 1 AND NO. 2. 


Dial No.1. Points 0 to 9. 


0 1 2 3 4 5 6 i 8 9 
0 |0.0000|0.3680|0.7361]1.1039]1.4721)1.8396] 2.2078 | 2.5752 | 2.9431 | 3.3108 
1 |0.0188/0.3868)0 .7549]1.1227|1.4909]1 .8584| 2.2266 | 2.5940 |, 2.9619 | 3.3296 
2 |0.0371|0.4051/0.7732|1.1410]1.5092)1.8767| 2.2449 | 2.6123 | 2.9802] 3.3479 
3 |0.0554/0 . 4234/0 .7915/1.1593]1.5275/1.8950] 2.2632 | 2.6306 | 2.9985 | 3.3662 
= 4 |0.0739|0.4419/0.8100)1.1778)1.5460]1.9135| 2.2817 | 2.6491 | 3.0170 | 3.3847 
2 5 |0.0924/0.4504/0 .8285|1.1963]1.5645)1.9320) 2.3002 | 2.6676 | 3.0355 | 3.4032 
o 6 |0.1109]0.4789)0.8470]1 .2148]1.5830}1.9505] 2.3187 | 2.6861 | 3.0540 | 3.4217 
8 7 |0.1293|0.4973/0 .8654|1.2332]1.6014|1.9689] 2.3371 | 2.7045 | 3.0724] 3.4401 
8 |0.1476]0.5156|/0.8837]1.2515|1.6197}1.9872| 2.3554 | 2.7228 | 3.0907 | 3.4584 
a 9 |0.1659]/0 .5339/0.9020}1 .2698]1.6380]2 .0055| 2.3737 | 2.7411] 3.1090 | 3.4767 
_ | 10 |0.1842)0.5522/0 .9203)1 .2881)1.6563)2 0238} 2.3920 | 2.7594 | 3.1273 | 3.4950 
N | 11 |0.2028)0.5708)0 .9389]1.3067|1.6749|2 0424) 2.4106 | 2.7780 | 3.1459 | 3.5136 
Z 12 |0.2210]0.5890)0.9571}1.3249]1 6931/2 .0606) 2.4288 | 2.7962 | 3.1641) 3.5318 
— | 13 |0.2394/0.6074/0.9755]1 .3433/1.7115|2.0790] 2.4472 | 2.8146 | 3.1825 | 3.5502 
| 14 |0.2577/0.6257/C .9938]1.3616|1.7298]2.0973]| 2.4655 | 2.8329 | 3.2008 | 3.5685 
A 15 |0.2760/0.6440/1.0121/1.3799]1.7481/2.1156) 2.4838 | 2.8512 | 3.2191 | 3.5868 
16 |0.2944]0.6624/1 .0305/1.3983]1.7665]2. 1340) 2.5022 | 2.8696 | 3.2375 | 3.6052 
17 |0.3126/0.6806/1 .0487]1.4165]1.7847|2.1522| 2.5204 | 2.8878 | 3.2567 | 3.6234 
18 |0.3308|0.6988]1.0669]1.4347/1 .8029/2.1704| 2.5386 | 2.9060 | 3.2739 | 3.6416 
19 |0.3491/0.7171]1.0852}1 .4530]1.8212]2. 1887) 2.5569 | 2.9243 | 3.2922 | 3.6599 
20 |0.3672/0.7352|1.1033]1.4713]1.8393]2.2071| 2.5750 | 2.9424 | 3.3103 | 3.6780 


Use or THE APPARATUS FOR MEASURING RATIO AND PHASE 
DISPLACEMENT OF CURRENT TRANSFORMERS 


Table III shows the approximate panel arrangement and dial 
setting for transformers of standard ratio. The apparatus is 
set according to the value shown for the transformer under test 
and the load is‘adjusted from a table of resistance and reactance 
of the apparatus with the help of additional adjustable resistance 
and reactance which is provided for loading purposes. The 
angular position of the rectifier contacts which renders the galvan- 
ometer most sensitive to reactance e.m.f. is obtained by adjusting 
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until the galvanometer reads zero with its leads shunted across 
the non-inductive resistance R1; in like manner the position for 
maximum sensibility for ohmic drop is obtained by a similar 
adjustment when the leads are shunted across the secondary of 
My». The values of M: and Rare then adjusted until the galvano- 
meter reads zero, with both the above angular settings of the 


TABLE III—APPROXIMATE PANEL AND DIAL SETTINGS FOR GIVEN 
RATIOS OF TRANSFORMATION. 


Reactance Reactance 

Ratio of Coils in Dial setting of circuit of circuit 
transformation multiple for 100% ratioin| at 25 ~ at 60 ~ 

order of number 

5 to 5 1 2-14-3-5 0.01 0.033 
1ORSS5 1 5-8-7-1 0.04 0.094 
16 meas i 8-3-0-8 0.088 0.210 
20 * 5 2 5-8-7-1 0.04 0.095 
25 “"b=. 2 6-15-9-0 0.062 0.150 
30 “5 2 8-3-0-8 0.087 0.210 
40 “5 3 7-4-9-7 0.07 0.170 
50 “5 3 9-1-2-0 0.108 0.262 
60" 455 4 8-3-0-8 0.088 0.212 
tay i) 6 6-15-9-0 0.062 0.150 
80 “5 6 7-4-9-7 0.07 0.170 
100 “ 5 6 9-1-2-0 0.108 0.262 
120 “5 12 5-8-7-1 0.04 0.095 
160 “5 12 7-4-9-7 0.07 0.170 
200 “ 5 12 9-1-2-0 0.108 0.262 
250 “ 5 in 6-3-6-2 0.05 0.122 
300 “ 5 1 7-8-3-4 0.073 0.178 
400 “5 1 9-17-8-4 0.13 0.312 
500 “ 5 2 6-3-6-2 0.05 0.122 
600 “ 5 2 7-8-3-4 0.073 0.178 
800 “ 5 2 9-17-8-4 Ons 0.312 
1000 “ 5 3 8-4-8-6 0.09 0.218' 
1200 * 5 3 9-17-8-4 0.13 0.312 
1600 “ 5 4 9-17-8-4 Onis 0.312 
2000 “ 5 6 8-4-8-6 0.09 0.218 
2400 “ 5 6 9-17-8-4 0.13 0.312 
3000 “ 5 12 6-3-6-2 0.05 0.122 
4000 * 5 12 8-4-8-6 0.09 0.218 


synchronous contactor, with apparatus and transformer arranged 
as shown in Fig. 1. Under these circumstances, according to 
the elementary theory of this arrangement, we shall have 


ce = My 6 
Te M sec 


1915] FORTESCUE: TRANSFORMER CALIBRATION 1611 
where @ is the phase angle and is given by 


tan G = SEIS 
M, p 

The above theory assumes transformation to take place without 

distortion, which is very nearly true in current transformers 

under light load, but when the load is heavy there may be ap- 

preciable distortion. Assuming 


12 = 1 Cos pt 
and 
A,cos pt + Ascos3pi+ Ascos5 pt+........ 
+ Bi sin pt + Bssin3 pt + Bssin 5 pt, 


ll 


1, 
the conditions fulfilled by the balance are 


Ait 4:+ 4s= 2a 


R 
By, pest Be = rare 


or 


DEFASFASH BIT BET B+ 2A As FA Ast Avg) FAB Bs + BB+ BBs) _ Mr a/,, 
z “m, ‘tp 


= M, 
= 7, 89 


It is evident from the above that where there is considerable dis- 
tortion the ratio as given by the apparatus will not be the true 
ratio of the root-mean-square values. 

The reason that the synchronous contactor or rectifier and the 
diréct-current galvanometer were chosen for this work was on ac- 
count of the ability to withstand abuse and at the same time the 
sensitiveness of the galvanometer and its freedom from vibration 
and from the influence of alternating stray fields. The rectifier 
has been the principal source of trouble in this outfit, due to the 
breakage of springs and contacts. This trouble, however, occurs 
only at the highest frequencies, namely 50 to 60 cycles, and no 
trouble is experienced when operating at 25 cycles. 

If it were not influenced by stray fields and vibration, I believe 
a sensitive dynamometer, having one coil excited from a syn- 
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chronously driven sine-wave generator provided with means for 
changing the phase angle of the armature, would be preferable to 
the rectifier and direct-current galvanometer for use with this 
outfit. If it were possible to produce a pivoted instrument of 
this type sufficiently sensitive for this work a further advantage 
would be obtained. 

The vibration galvanometer has been recommended for this 
class of work, but though I have had no actual experience with 
it, it does not appeal to me very strongly on account of the diffi- 
culty of using it and its sharp frequency resonance. There is 
no way of rendering it sensitive to a change of M only, or to a 
change of R only. However, the latter difficulty might be over- 
come by viewing it through a synchronous stroboscope, which is 
provided with angular adjustment. 

The Einthoven string galvanometer used in a similar manner 
has been suggested and is about to be tried with this apparatus. 
It has a much flatter resonance curve and can be used with al- 
most equal sensibility within a five per cent range of frequency. 
The nodal vibrations of the string have given some trouble when 
the instrument has been used in certain kinds of null method 
testing and it is feared that similar troubles may be experienced 
when used with this apparatus. 

All the first-mentioned schemes of balancing ignore the dis- 
torting harmonics or give the ratio of fundamental primary and 
secondary components, and their phase displacement. This is 
the measurement required where the current transformer is to 
be used on a sine wave circuit in connection with the wattmeter. 


PRoposep ARTIFICIAL MetuHop or LoapING TRANSFORMERS 
UNDER TEST 


It is often desirable to obtain calibration curves on current 
transformers at extremely low loads and often at no-load or short 
circuit. The primaries of Ms, M2’ and M.”", were designed 
so as to have very low values of resistance and reactance; the 
actual resistance of the secondary circuit, including the 0.01-ohm 
non-inductive resistance and all the primaries of M2, M.’, 
and M," in series, is slightly less than 0.1 ohm, and the react- 
ance is 0.32 ohm at 60 cycles, and 0.13 ohm at 25 cycles. It is 
possible therefore, even with the dial settings which give maximum 
sensibility, to obtain calibrations with this apparatus at very 
low loads, but there is a decided drawback due to the fact that 
the power factor of the load cannot be made exactly unity or 
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exactly zero. To obviate this difficulty I propose to use two 
similar transformers in series, the apparatus being arranged so 
that the total primary current of one transformer alone passes 
through the primary of Mj; across the primary of this trans- 
former and of M, inductances or resistances are shunted as shown 
in Fig. 11 until the desired load is obtained on the transformer 
under test. Ifthe phase angle of the load on this transformer 
only is to be shifted, then reactance may be shunted across both 
the primary of this transformer and of M, in series, and resist- 
ance may be shunted across the primary of the other transformer 
or vice versa; according as it is desired to produce a leading or a 
lagging power factor. There are a number of ways of varying 
this method of loading transformer under test, some of which are 
being tried out with this apparatus. For measuring the value 
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Fic. 11—D1IaGRAM OF CONNECTIONS FOR ARTIFICIALLY LOADING A 
CURRENT TRANSFORMER ON TEST 


of the artificial load taken by the secondary of the transformer 
under test, a modification of the scheme described in the next 
paragraph (Fig. 13) will be used. 


MertHop oF MEASURING MutTuaAL INDUCTANCE, SELF-INDUCT- 
ANCE AND ALTERNATING-CURRENT RESISTANCE 


For the measurement of mutual inductance, the secondary of 
My, is cut out of the galvanometer circuit by opening a switch 
and placing a jumper across its jaws. Tr he power lines are con- 
nected to the terminals to which the secondaries of current 
transformers for calibration are connected, and the primary of 
the mutual inductance to be measured is connected across the 
terminals marked “‘load.’”’ A diagram of this arrangement for 
testing mutual inductances is shown in Fig. 12. Thesynchronous 
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contactor and galvanometer are set to give maximum sensibility 
for reactance and are connected so as to indicate the difference 
between M, and the mutual inductance to be measured; Mz is 
then adjusted until the galvanometer reads zero. If the mutual 
inductance is larger than M», an additional standard mutual 
inductance may be connected in series with Mo. 

To measure self-inductance and alternating-current resistance 
the arrangement shown in Fig. 13 is used. This differs princi- 
pally from the method of measuring mutual inductances by hav- 
ing the non-inductive resistance R supplied with current from 
the primary circuit through a unity ratio current transformer in 
series with the galvanometer circuit so that an e.m.f. in phase 
with and proportional to the primary current may be intro- 
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Fic. 12—DIAGRAM OF CONNECTIONS FOR DIRECT MEASUREMENT OF 
MutTuaL INDUCTANCE 


duced. The self-inductance to be measured is placed across 
the terminals marked ‘load,’ and potential leads are 
carried from the terminals of the self-inductance to the 
terminals on the apparatus marked ‘‘ potential,” and a 
balance is obtained by adjusting M, and R, with the 
rectifier in the angular positions to give maximum sensibility for 
each of these conditions, until zero readings are obtained in 
each case. The readings of M2, and M.’ and M,” give the 
self-inductance and the value of R the resistance. This method 
is in general use for measuring the alternating-current resistance 
of current-limiting reactances and some very interesting observa- 
tions have been made with its help. The method is so sensitive 
that the effect of the proximity to a large reactor of a man with 
keys in his pocket can be detected. It was found that when 
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measuring large reactors the presence of any other reactors in 
the neighborhood, having multiple wound coils, had a large 
effect on the apparent alternating-current resistance, due to 
the circulating currents set up in them through mutual induc- 
tance. 
CONCLUSION 

The apparatus has proved to be very satisfactory. Little 
trouble was experienced with the design and manufacture of the 
mutual inductances. It is believed that the design, manufac- 
ture, and calibration of reliable non-inductive resistances for 
the same range of current values for the first time would have 
been a much more troublesome task. 
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Fic. 13—DIAGRAM OF CONNECTIONS FOR MEASURING INDUCTANCE AND 
ALTERNATING-CURRENT RESISTANCE 


A higher degree of sensibility may be obtained with this method 
than with the shunt resistance method and it is believed to be 
in many respects more accurate. There is no correction to be 
made in the phase angle measurements, whereas in the case 
of shunts corrections may have to be made, due to the reactance 
of the non-inductive resistances. It is believed that the accuracy 
is well within one part in 10,000 for any setting. 

The apparatus has many other possible applications besides 
those already mentioned and has fully justified its cost. 

I wish to take this opportunity to thank Dr. Sharp for advice 
given in connection with the design of the synchronous” 
contactor. 
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Discusston on ‘“ PHase ANGLE OF CURRENT TRANSFORMERS’ 
(Dawes), AND ‘‘ CALIBRATION OF CURRENT TRANSFORMERS 
py Means or Mutua InpucTANCcES”’ (FoRTESCUE), DEER 
Park, Mp., JULY 2, 1915. 


George A. Campbell: This paper is of great value to us, and 
we shall adopt the method of measurement which Mr. Fortescue 
has developed with results which are, from both the theoretical 
and the commercial standpoint, so eminently satisfactory. The 
method belongs in the category of null conjugate branch methods, 
together with the Wheatstone bridge and the induction balance, 
which are well known to be the most accurate of all methods, as 
neither deflections nor test current magnitudes are involved. 
Without constructing any special apparatus, we have recently 
been trying the method for measurements of mutual impedance, 
the circuit being similar to Fig. 12 of the paper, but with the 
non-inductive resistance R included as in Fig. i of the paper, 
and with a telephone substituted for the synchronous contactor. 
At telephonic frequencies, accurate measurements are easily 
and quickly made. In the development of permanent apparatus 
for the method, it will presumably be advantageous to adopt the 
circuit idea of Fig. 13, as well as the toroidal type of coil which 
Mr. Fortescue has shown to be so well adapted for accurate 
commercial work. 

For 25- and 60-cycle measurements, we would suggest the use 
of two dynamometers with their field coils energized, one in © 
phase with the testing current and the other in time quadrature 
with the testing current. If the movable coils are then connected 
into a potential circuit in which resistance predominates, the 
deflections of the first and second dynamometers will be approxi- 
mately proportional to the mutual resistance unbalance and the 
mutual reactance unbalance, respectively. These simultaneous 
quadrature indications would greatly shorten the time required to 
obtain a balance and make it possible to use this null method in 
the field where conditions are more or less fluctuating. The 
apparatus could also be used for the balance-deflection method 
by calibrating the dynamometers accurately enough for the 
small differences to be determined by the deflections. 

Fig. 1 herewith will serve to illustrate this use of two dynamom- 
eters. Adjustable impedances Z,andZ,, are indicated as a possible 
means for controlling the phase (and magnitude) of the currents 
in the resistance S and the fixed coil of dynamometer D,,. These 
two adjustments of the set itself may be made by the aid of the 
dynamometers of the set by connecting the terminals P;, P, of 
the potential circuit to the terminals of the small non-inductive 
resistances R, and R, Once adjusted, this set is adapted for 
measuring the potential difference between any two points in 
any network, on the assumption, of course, that the apparatus 
will withstand the potentials and that the total capacity admit- 
tance between the current and potential circuits of the set is 


1915] DISCUSSION AT DEER PARK 1617 


small compared with the network admittance with which it is 
placed in series. Self- and mutual impedances are therefore 
measured without change in the set, and mutual impedances, 
as well as self-impedances, may have any phase angles. By in- 
serting a mutual inductance Mj, at any point of a network, the cur- 
rent at that point may be measured. The wide use of the method 
thus seems to be best illustrated by Mr. Fortescue’s Pig lo. 
Simultaneous quadrature indications might be obtained with 
two dynamometers excited from a small synchronously driven 
generator, the use of which is suggested in the paper. This 
would have certain advantages, but a single generator would not 
be suited for the entire range of power and telephone frequencies. 
Simultaneous quadrature indications could be obtained with 
two contactors, each provided with its d-c. galvanometer. They 
could also be obtained by using two vibration galvanometers 
arranged to give Listious ellipses, connecting one in the current 
circuit and the other in the potential circuit and reflecting a 


single beam of light in sequence from both mirrors. Many 
other methods of securing simultaneous readings might be sug- 
gested, making use, if desired, of the synchronous stroboscope and 
Einthoven string galvanometer suggested by Mr. Fortescue. 

As a uniform single-layer coil wound on a ring encircles the 
axis of symmetry of the ring with one turn, such a winding will 
have an external field, and it may have mutual inductance with 
a circuit which is not looped with the ring. The fewer the turns 
in the layer the greater the relative importance of this loop. 
This effect can be guarded against by using two layers wound in 
reverse directions around the axis, by doubling back the conduc- 
tor in two or more strands outside of the single layer, or by begin- 
ning the winding with a single turn around the axis at the mean 
position of the winding. To prevent the possibility of this 
requirement being ignored when it might be of importance, it 
would be well to cover this point in referring to the well-known 
property of toroidal coils, even though this is in no way a matter 


1618 CURRENT TRANSFORMERS [July 2 


which affects the intrinsic accuracy of the mutual inductance 
method. 

I believe that the theoretical correctness and the practical 
convenience, accuracy and flexibility of this method will lead 
to its extensive use. 

L. W. Chubb: This apparatus which Mr. Fortescue has 
originated has been in use for some time, and I wish to call atten- 
tion to one or two points that do not seem to be brought out 
very clearly. 

The apparatus is used in the shop, not in the laboratory—it is 
not essentially a laboratory method. It is built as a unit and 
used in the transformer testing department by men who work 
more or less by rule of thumb. The apparatus has been in use 
for all kinds of different testing. Even in the different laboratories, 
when it is necessary to find the effective wesistance of certain 
reactances or test mutual inductances, or make any other careful 
tests for research work, we find the men taking their problems to 
the shop instead of the shopmen taking their problems to the re- 
search department. The apparatus is always available and 
can be arranged to make very accurate tests in this way. 

Clayton H. Sharp: There is no doubt that the importance of 
the measurement of the ratio and phase angle of current trans- 
formers is great enough to justify all the work in making the 
apparatus which Mr. Fortescue describes, if it were applicable 
to that work alone; but he has shownit can be used also for other ~ 
very important kinds of work. It differs from apparatus in 
use elsewhere, in that mutual inductors are used instead of non- 
inductive shunts. It would seem that the mutual inductance 
method has advantages over the non-inductive shunt method, 
in that it can be applied to other fields of work. For the measure- 
ment of the current transformers alone,it would seem to be a 
question of which is more convenient to make and calibrate 
rather than anything else; that is to say, the decision as to which 
method is chosen is to be based on the matter of convenience and 
cost, rather than on any essential differences between the shunt 
and the mutual inductor method. 

I would like to ask Mr. Fortescue if he considers that it is on 
the whole advisable to go to the trouble of making the inductors 
in a form such that their mutual inductance can be computed, . 
rather than to make up something which has about the requisite 
value and then to determine what that value is by comparison 
with a standard. I am rather impressed by the large amount of 
apparatus which is shown in Fig. 7. This may not all be essen- 
faa but certainly a good deal less is required if the shunts are 
used. 

Regarding the method of detecting the zero balance, Mr. For- 
tescue has used a synchronous reversing key and d-c. galva- 
nometer. That method has some great advantages—it makes a 
shop method out of what would otherwise be a laboratory meth- 
od. The vibration galvanometer has been mentioned in this 
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connection. Werecently had some experience at the Electrical 
Testing Laboratories with the vibration galvanometer. The 
vibration galvanometer is made to vibrate, and it is very partial 
to vibrations. It does not care particularly whether they are 
electrical vibrations or mechanical vibrations, so that if the 
galvanometer is not on a foundation which is free from vibra- 
tions, it is likely to do anything. We found we could not use it 
without resorting to some elaborate system of anti-vibration 
supports. It is not a shop system. 

Mr. Fortescue refers to the separately excited electrodyna- 
mometer. We have recently found on the market a little pointer 
electrodynamometer, which is very sensitive indeed, sufficiently 
sensitive for this work. Its field is excited with current at any 
desired phase-angle by using a phase-shifter constructed from a 
small induction motor. Hence the in-phase and the quadrature 
components of the secondary e. m. f. can be compensated separ- 
ately. This also can be classed as a possible shop apparatus 
rather than as purely a laboratory apparatus. It gets rid of the 
trouble, if there is any, of synchronizing the motor, and also, 
what is of importance under the same conditions, of the noise 
made by the vibrating switch. 

James R. Craighead: A few years ago it became necessary 
for as to select a method of testing current transformers for 
detail development in our laboratory. At that time the shunt 
method and the mutual inductance method were both under 
consideration. The determination to take up the shunt method 
was really based on two difficulties connected with the mutual 
inductance method, one of which Mr. Fortescue seems to have 
thoroughly eliminated. The two difficulties were, first, the large 
number of small contacts to be kept in practical working opera- 
tion. That difficulty, according to Mr. Fortescue’s statement 
and diagram, seems to be still left in the method. The second 
difficulty was the fact that our mutual inductances were easily 
affected by stray fields, external metal masses, etc., so that the 
results we obtained did not make it worth while to develop the 
method in opposition to the shunt: method. Consequently, 
we have used the shunt method, but I feel that in eliminating 
what is really the chief difficulty of the mutual inductance meth- 
od Mr. Fortescue has made a big step in advance and provided 
something which will undoubtedly be a satisfactory method of 
testing. 

One question that always comes up in the comparison of meth- 
ods of testing current transformers is—what will be the effect 
of varying wave form of the supply circuit in each method? 
Here, we get a distinct difference between the results obtained 
by the shunt method and by the mutual inductance method, 
because of the different effect which the harmonics have in the 
two cases. In the mutual inductance method the harmonics 
are present in the secondary of the mutual inductance, as the 
first differential of the corresponding harmonics of the current 
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wave, and consequently have a tendency to be exaggerated and 
to give a somewhat different effect in phase angle measurement 
from what is obtained by any direct comparison of r. m. s. 
values. In the shunt method the harmonics are present in the 
form of a drop across the shunt, which corresponds to the current 
wave, instead of the differential of that wave, and this tends to 
make its effect in any apparatus through which it is used propor- 
tional to the value that would be obtained by a comparison of 
the r.m.s. values instead of some other function. This is a 
slight advantage for the method, but one which is by no means 
conclusive, because errorsinratioand phaseangletests due to differ- 
ences of waveform aresosmall. Wehave tried comparative tests 
oncurrent transformers a great many times, using a rather exag- 
gerated wave on one of the machines in our laboratory, as com- 
pared with a wave which is within about one per cent of a true 
sine, and the difference in ratio obtained by two different methods 
of test is limited to about 0.2 of one per cent in the extreme, for 
quite a wide variation of waves. The difference of phase angle 
is limited to between 5 and 10 min. in the same case. Test 
on the actual wave form on which the transformer is to be used 
is therefore usually unnecessary. 

This method which has been presented is worthy of thorough 
consideration and comparison in any place where convenience 
and use in the shop are to be considered. The shunt method is 
also extremely simple and easy to use, but it involves the use of 
sensitive instruments to a higher degree than the mutual induct- 
ance method, and it also involves the use and preparation of 
shunts of large capacities, the difficulties of making which are 
pretty well understood, and whose construction up to a few 
thousand amperes is perfectly practicable. 

_Mr. Fortescue is using a commutator and a galvanometer as 
his means of test. This question has been discussed at several 
previous Institute meetings, and I will not go into that again. 
I suggest that the separately excited dynamometer with phase 
shifting excitation has proved satisfactory in other methods 
and should prove satisfactory here. 

In regard to Mr. Dawes’s paper on the phase angle of current 
transformers, there has been a need for a considerable while for 
some practical means of testing transformers under actual load 
conditions without the introduction of any secondary instrument. 
The method which he presents offers the very great advantage 
of allowing exactly that; that is, it is possible during the test of 
the transformer to use in the secondary not only the same kind 
of instrument, but exactly the same instrument and same cir- 
cuit connections which will be used when the transformer is 
used for accurate testing. At the same time there are several 
elements which, except under the most careful supervision by 
thoroughly expert men, and with instruments in thoroughly 


good order, might militate against the success of the measure- 
ments. 
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There are several correction angles which must be considered 
in order to obtain accurate results. In the paper these correc- 
tion angles are given so accurately and the results checked to 
such an excellent point, that it gives a little the appearance that 
the correction for these angles would always be easy, whereas 
I think it would not be. In the first place, we have the angle 
called alpha, which is the variation due to the inductance of 
ammeter and wattmeter coils. This is dependent on the instru- 
ment used and the resistance placed in circuit. It can be mini- 
mized by large resistance and small current, but that is not always 
easy to do, for the reason that it is frequently necessary to use 
currents up to the full limit of the transformer, and the supply 
circuit must necessarily be of considerable power in order to use 
it up to that point, without diminishing the series resistance to 
the point where the correction angle is considerable 

Then there is the angle theta, which is the angle between 
current and potential in the wattmeter circuits, caused by the 
inductance or capacity used in series with the wattmeter and 
voltmeter potential circuit. That angle has only a secondary 
effect on the result; that is, the result depends on the measure- 
ment of the actual values of watts read in two conditions, and 
the relation between those values depends on the power factor 
of the circuit. This is represented by the power factor of the 
potential circuit. Any failure or variation of this angle has only 
a small secondary effect on the final answer. 

Then there is the angle called gamma in the paper, which is 
the angle between the primary current and V;, due to the current 
drawn out of phase in the wattmeter and voltmeter potential 
circuit through the inductance or capacity. This is dependent 
on the amount of this current, the relations of the capacity, 
inductance and resistance, and the total amount of the primary 
current. It can be minimized by the use of large primary 
current and small currents in the potential circuit. These two 
things are sometimes antagonistic and render the measurements 
of the transformer of small ratio a little dificult, where the other 
error due to the angle alpha renders the measurements of 
the transformer of large capacity a little difficult. 

Another thing, as to the measurements made on the instru- 
ments themselves and the resultant answer. In Mr. Dawes’s 
paper, in the case he recited, the difference between the watts 
in the primary and watts in the secondary amounted to from 
two to four per cent of the reading. Now, unless the reading 
is carried well up on the scale of the instrument employed— 
requiring either a large current in that circuit, or an instrument 
of high impedance, both of which may. be objectionable—that 3 
or 4 per cent difference will be a difficult quantity to read to the 
accuracy that is desirable to obtain these angles correctly. Ina 
phase angle of 28 min., such as is represented here, the variation 
corresponding to one minute would be perhaps one-fortieth of the 
difference of reading or about 0.1 of one per cent. That is a 
pretty close point to which to hold readings of that kind. 
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I am not attempting to object to the method in calling atten- 
tion to these practical difficulties in the operation of it. The 
method appears a thoroughly practicable one, and one which can 
be carried out successfully, but it would require a most thorough 
and careful handling of the entire instrument situation in order 
to get results, so that if used in routine or in the shop, it would 
be attended with decided practical difficulties. 

Clifford W. Bates: There is one point in regard to Mr. Dawes’s 
paper about which I would like to remark. Assuming that the 
data are correct to the last significant figure, the magnitude of 
the errors is about 1 part in 500. The cosine of the apparent 
phase angle is calculated from these data (probably by the use of 
four-place logarithms) and the phase angle itself is found and 
expressed to single minutes, that is, to an accuracy of about one 
part in 3000, or about six times as accurately as the data from 
which it was obtained. It is to be expected that this result is 
correct to rather less than one part in 500, or to about 6 min. Then 
the different determinations of the transformer phase angle 
(which depends on the apparent phase angle) would be expected 
to show deviations of rather more than 6 min., but this is not 
the case, as the various values found are 29 min., 28 min., 24 min., 
28 min., 30 min., 27 min., and 26 min., with an average of 27.5 
min. and an average deviation of 1.5 min. 

In view of the fact that a calculated result may be in error by 
as great a percentage as the least accurate linear factor, I would 
like to ask Mr. Dawes how he accounts for the rather surprising 
agreement. 

In regard to the matter brought up by Mr. Robinson, I would 
like to remark about the magnitude of the error which may be 
introduced by the phase angle of a wattmeter. We are accus- 
tomed to read that the wattmeter may introduce a bad error 
into the determination of the power taken by an inductive 
circuit. I had occasion to investigate this error recently, and in 
the course of my investigation I had the phase angles of all the 
portable wattmeters available measured. These included six 
different types of dynamometer wattmeters made by several 
different manufacturers—some American and some foreign. I 
found that, in the case of the instrument whose error was greatest, 
the absolute error at zero power factor was very little more than 
the error of reading the scale. To take a concrete instance, 
consider a meter whose normal range is 500 watts, and use it to 
measure a load of 500 volt-amperes at 1 per cent power factor. 
The instrument reading, if correct, would be 5 watts. Using 
the constants of the worst instrument which I had available, 
the error due to phase angle would amount in this case to about 
2 watts (2/5 of one division). If this is considered as a percent- 
age error, the error is 40 per cent, but as an absolute error it is 
almost negligible. Nearly as much error would be made in the 
reading itself; so that I consider that the phase angle error of a 
wattmeter is practically negligible under all conditions. These 
remarks apply only to wattmeters used without transformers. 
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George A. Campbell: I am interested in dynamometers, 
and would ask Dr. Sharp the name of the pointer dynamometer 
to which he refers. 

Clayton H. Sharp: It is an instrument made by Robert W. 
Paul. It is a new thing, and is remarkably sensitive. If you 
have to use a delicate electrodynamometer it puts it out of the 
shop class. If you use a pointer instrument, it puts it on a par 
with a synchronous vibrator and pointer galvanometer. 

Chester L. Dawes: Referring first to the question of elec- 
trodynamometers, at Cambridge we are using a Sumpner a-c. elec- 
trodynamometer. Itisofthesuspension type and is quite sensi- 
tive, but at the same time it can be handled quite roughly as far as 
permanent injury is concerned. At present we are using it to 
measure very low electrostatic capacities. With 110 volts at 
60 cycles per sec., I find that I am able to obtain a deflection 
of something like 50 cm. on a scale 120 cm. from the instrument, 
with 5/100,000 microfarad in circuit, and the sensitiveness can be 
still further increased. The one great advantage of the separately 
excited instrument as a detector is, of course, that it need not be 
tuned, and it gives plus and minus deflections. 

I appreciate very much Mr. Craighead’s having gone over 
this paper so much in detail and also having pointed out the 
advantages and the limitations of this method of phase angle 
determination. I have already anticipated most of these limi- 
tations. For instance, when I saw that the inductance of the 
current coils of the instruments was such an important factor, 
in the phase angle measurement, I immediately turned to the 
method illustrated by Fig. 5. The angle 0 is readily determined 
because its cosine is the ratio of the wattmeter reading to the volt- 
amperes. There is no possibility of it changing in the two cases, 
even with an iron core inductance, because the voltage across 
this inductance is the same in each of the two cases. The objec- 
tion to using an inductance having a magnetic circuit entirely of 
iron is that a third harmonic might be introduced into the poten- 
tial circuit current due to the changing permeability of the iron. 

I agree with Mr. Bates’s statement that the number of sig- 
nificant figures should not represent a higher degree of precision 
than that to which the measurements were made. I think that 
he has in mind, however, the case of commercial instruments, 
used in the ordinary manner to measure current, potential and 
power. Such instruments when calibrated may have a precision 
of about 1/5 of 1 per cent, corresponding roughly to three sig- 
nificant figures. In my particular case, however, the absolute 
measurement of current and voltage was not essential, for the 
ammeter and the voltmeter were used merely to keep the current 
and the voltage respectively at the same values in the two con- 
secutive measurements. An error of 2 or even 4 per cent in the 
absolute values of their readings would introduce no appreciable 
errors into the phase angle measurement, but would, of course, 
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show an erroneous value of secondary current. I only need to 
make the adjustments such that the ammeter and the voltmeter 
pointers come to the same scale readings in the two measure- 
ments, and this can be done very accurately, especially when the 
pointers are in the proximity of a line. The wattmeter reading 
changes so slightly that its calibration is hardly necessary, but 
as an extra precaution, I checked the instrument at the points 
near which it was used. In view of the above facts, and also 
because I was able to make very fine adjustments of both the 
frequency and the voltage, I feel justified in carrying the result 
to four significant figures, one figure more than is justified under 
ordinary commercial conditions. But even then my results 
varied between the limits of 24 and 31 min., about 4 min. on 
each side of the actual value of the phase angle. This gives a 
precision of only 15 per cent in the angle itself. However, as 
a corrective term, the phase angle is added or subtracted from a 
much larger angle and the above 15 per cent maximum error 
then will affect the final results but slightly, in fact, to a much 
less extent than the errors of the instruments themselves. 

If, as Mr. Bates contends, I am going beyond the precincts of 
precision in expressing my results to the nearest minute, my only 
alternative is, of course, to express them in tens of minutes, or 
to use only one significant figure. Even a casual observation 
indicates that the results are entitled to more significant figures 
than this. 
_ There is another application of this method that is not men- 
tioned in the paper. Oftentimes a standard transformer of 
known phase angle and having a ratio equal to that of the trans- 
former under test is available. Under these conditions, the 
computations are very much simplified. The standard trans- 
former is first inserted in circuit as in Fig. 1p, and readings W, 
E ca I are made. Let the phase angle of this transformer 

el Bi: 

Then from formula (8) 


W = Elcos| (6 y) + 6° | 


As 6’ is known, (6 — y) is readily determined. 
The transformer tobe tested is thensubstituted forthe standard 
EDS CESS and readings W2, EB, and Ip taken. 
en 


We = Eels cos [ (@0-y) + B | 


As (@— ¥) is now known, 6 is the only unknown quantity, 
and so may be easily determined. 

Thus when a standard transformer is available, the corrective 
terms are eliminated and the computations are much simplified. 

Charles L. Fortescue: I wish to agree with Dr. Campbell as 
to the advantages of using two instruments and also as to the 
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advantage of using properly excited electrodynamometers, 
which matter Dr. Sharp has also brought up. 

I would also draw more particular attention to the failure to 
bring out the important point in this paper, which Dr. Campbell 
has drawn attention to. I state in the paper: “‘ It is well known 
that a uniformly wound ring of uniform cross-section has no 
external magnetic force; it follows, therefore, that its mutual 
inductance with any circuit which does not encircle it must be 
zero.”’ Dr. Campbell points out the fact that there is a revolu- 
tion for each completely wound ring, round the axis of the ring 
and such a coil has an external magnetic field. Therefore, the 
statement in my paper should be qualified by adding, after 
the first sentence, ‘‘with the proper disposition of the finishing 
leads.”” This may be done in several ways, as Dr. Campbell 
has pointed out. 

Dr. Sharp brings up the point—is it worth while to take so 
much pains to attempt to make the method absolute? I may 
say that there are two things involved here, one is to make it 
astatic, and the secondary consideration is to try to make it 
absolute—in making it astatic the possibility of making it also 
absolute came up, as I pointed out in the paper, and one essential 
thing, in order to make the apparatus astatic, is to have mechan- 
ical accuracy in the machining of the rings, which also suggested 
the possibility of making the method absolute. The im- 
portance of having the method absolute is really secondary 
to that of making the apparatus astatic. 

I believe now, if the apparatus were to be redesigned, I would 
not take very much pains to try to calculate the mutual in- 
ductance. I would do as Dr. Sharp has suggested, compare it 
with a known standard, a very simple and easy thing to do. 

Dr. Sharp called attention to another point which I expected 
to be brought up at this meeting, the amount of apparatus 
shown in Fig. 5. The trouble with most wiring diagrams is 
that they look more complicated than they really are. There 
is very little apparatus, considering the range of this device. 
Table III gives an idea of the range of this apparatus; it is 
capable of measuring the ratio of standard transformers over 
a range of ratios from 5 to 5 amperes to 4000 to 5 amperes. 
The apparatus is arranged to give at every ratio as near the 
maximum sensibility as possible. The arrangement shown in 
Fig. 5 was adopted because it is the standard method in use in the 
testing department of our factory for grouping the coils of 
testing transformers in series and multiple relations. The 
arrangement is in reality very simple, and the testing hands 
are accustomed to it, and it is always a good plan to maintain 
uniformity in switching connections in a testing department, 
as it reduces the possibilities of mistakes. 

Another difficulty to which Dr. Sharp calls attention, is the 
question of synchronizing the motor driving the contactor. We 
have overcome that entirely by using a polyphase machine. One 
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drawback on a commercial testing floor in the use of the contact 
method is due to the fact that the person using this apparatus 
is not the only one on the circuit. Heavy loads may be taken off 
any particular phase, so that it is frequently necessary to check 
up the angular adjustment of the contactor on account of phase 
changes in the circuit. That is a trouble which cannot be very 
well obviated on commercial circuits. : 

Dr. Craighead calls attention to the possibility of error in 
the measurements made with the apparatus due to distorted 
waves. I think there is an error, both with the shunt method 
and with the method under discussion. If the current wave 
form of the primary winding were the same as that of the 
secondary winding, the mutual inductance balance would pro- 
duce little error. The error comes in mostly in the small quad- 
rature component of current which produces the phase displace- 
ment. In commercial transformérs the phase displacement is 
extremely small; usually it is something less than one degree, so 
that the errors in ratio are extremely small. Errors due to 
distortion of the primary current are also extremely small. . 
The instruments used in balancing are in reality more import- 
ant as a source of error than the method. I think that in all 
tests of this kind, it is important to take pains to obtain as 
nearly a sine wave current in the primary as possible. All 
commercial measurements are based on sine wave measure- 
ments, and the testing of current transformers should be carried 
out under sine conditions as nearly as possible. It is not a hard 
matter to reduce the distortion in a circuit enough to obtain 
good current wave forms. 

In regard to Dr. Sharp’s remarks as to the relative merits of 
mutual inductance and shunt for current transformer calibra- 
tion, I wish to point out that for commercial testing floors it 
is necessary to have apparatus capable of as nearly continuous 
use as possible, and since with this apparatus the calibration of 
current transformers occurs but a short part of the time, it 
was advantageous to have it designed with a view to carrying 
out other important measurements, such as those that have 
been already described in this paper. The apparatus as laid 
out has numerous applications besides those which I have de- 
scribed. Recently it was used for adjusting a resonant shunt, 
which consists of a transformer having internal reactance shunted 
by capacitance. By means of the apparatus, it was possible 
to adjust the transformer until perfect resonance was obtained, 
and at the same time measure the true a-c. resistance. 
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AN INVESTIGATION OF DIELECTIC LOSSES WITH THE 
CATHODE RAY TUBE 


BY JOHN P. MINTON 


ABSTRACT OF PAPER 


This paper discusses the theory of the cathode ray tube watt- 
meter and shows how it can be used to determine directly the 
power factors ofinsulations. The current and voltage are meas- 
ured independently so that the dielectric losses in insulation 
can be calculated. Such measurements can be made up to the 
breakdown voltage of the material being tested. 

The development of the cathode ray tube and its auxiliary 
apparatus is discussed. 

Measurements of dielectric losses, power factors, and currents, 
for varnished cloths and oil-treated pressboard, are given. The 
measurements have been made at 60 cycles at different voltages, 
temperatures, and moisture contents in the case of pressboard. 
Curves are given showing the losses, power factors and currents 
plotted against voltage, temperature, and per cent absorbed 
moisture. 

Empirical equations are derived for all the curves. It is 
shown that watt losses may vary from the 1.32 to the 2.52 
power of the voltage. The losses and currents can be expressed 
by an equation of the form K,; + K,Y™, where Y may be tem- 
perature in deg. cent. or per cent absorbed moisture. The 
same form of equation holds for the power factors up to about 
85 per cent. The equations given show that the exponent n 
may vary from about four to seven, depending on the conditions 
of the tests and on the nature of the insulations. 

The large and harmful effects of moisture are clearly shown 
by the results, and the weakening effects due to high temper- 
ature are of much importance. 


INTRODUCTION 

AREFUL study of insulating materials is becoming 
more and more important. Formerly, if an insulating 
material was not satisfactory, it was discarded and a new one 
substituted. In this way considerable progress was made. 
However, as the number of possible insulators became less, it 
became more evident that it was necessary to study the elec- 
trical properties of these with the hope of improving them. 
Today, this tendency toward a careful study of various dielec- 
trics is quite prominent, and it is certain to become much more 
noticeable in the near future. Certainly we are now looking 
toward improvement in all kinds of insulations, and in seeking 


1627 


1628 MINTON: CATHODE RAY TUBE [July 2 


this improvement, the most careful and thorough investiga- 
tions cannot be over-emphasized. ; 
Heretofore, the electrical tests made on insulation have 
largely been voltage tests, capacity and resistance measure- 
ments. The voltage tests are important because insulation 
must be able to withstand continued application of voltage 
and sudden voltage increases such as occur in transient phe- 
nomena. ‘These tests reveal very little about the insulation 
because either it does or does not withstand them. This is 
really about all they do tell us, because if the insulation is 
broken down, no further test can be made on it, and if it is not 
broken down, we can say nothing regarding its value as com- 
pared with other insulation which fails to break down under 
test. Capacity measurements are only made-at low voltages 
and not at anything like normal operating voltages. Such 
measurements are important in helping one to select the proper 
insulation, but no one would decide to use a certain kind of in- 
sulation from consideration of capacity measurements only. 
These measurements do not tell us enough. In the same way 
resistance measurements do not tell us enough, and indeed it 
is difficult to say what the resistance of a piece of insulation 
is except for direct currents, which at the present time are of 
much less interest to the engineer than alternating currents. 
On account of the inadequacy of the three kinds of electrical 
measurements mentioned on insulation, the measurement of 
dielectric losses and power factors of insulations becomes of 
much importance and of great interest. By means of such 
' Measurements, one is able to study a piece of insulation up 
to almost the breakdown point under a variety of conditions 
and over and over again. He can continue these measure- 
ments until the insulation finally breaks down, and will know 
what is happening within it up to this point. Such measure- 
ments will reveal to us more about insulation than all the three 
tests referred to above. If scientific progress in insulation 
engineering is to be made, then measurements of dielectric 
losses, power factors, and currents will prove most valuable in 
pointing out ways of advance and in keeping us off wrong paths. 
In searching the literature, one at once realizes that very few 
extended researches have been conducted along the line of dielec- 
tric losses. The most notable ones have been carried out in 
England during the past few years by E. H. Rayner,’ by C. 


1. ‘“ High-Voltage Tests and Energy Losses in Insulating Materials” 
E. H. Rayner, Journal Inst. Elec. Engrs., Vol, 49, pp. 3-89, 1912. 
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C. Paterson, E. H. Rayner, and A. Kinnes’, and by Fleming 
and Dyke The latter made use of the bridge method, while 
the two former made use of the electrostatic wattmeter. Both 
of these methods have the disadvantage of being limited in the 
voltage at which they can be used, and the electrostatic watt- 
meter is a very troublesome instrument with which to work. 
The whole reason why such measurements have not been car- 
ried out on a large scale before is because one is confronted with 
the difficulty of securing instruments which will measure small , 
losses at very high voltages. Prof. Ryan first suggested the use 
of the cathode ray tube for this purpose and showed! how it 
could be used by giving a number of examples of measurements 
made with it. The development of the cyclograph, which 1s 
the name given to the cathode ray tube wattmeter, was begun 
in 1911 at the Pittsfield Laboratory, and has been accomplished, 
so that it is a satisfactory apparatus to measure dielectric 
losses up to almost any desired voltage, from very small to large 
losses, and from low to high frequencies, so long as a continuous 


~ alternating potential is available. The cyclograph has been 


in continuous use in this laboratory during the past two years, 
and a large amount of valuable information has been gained 
both on cathode ray tubes and on insulation. The application 
of the cyclograph to this work, its development, some of the 
results obtained with it, and a study of dielectric losses made 
possible by its use, are embodied in this paper. Since the 
writer has had little assistance from current literature, he can- 
not hope to say the last word, or even avoid making wrong 
inferences. The results and information set forth in this paper 
may be’ considered as opening up a new avenue for insulation 
research for both the electrical engineer and the scientist. 

At this point the writer acknowledges his appreciation of 
the kind interest taken in this work and the helpful suggestions 
of Mr. A. McK. Gifford, in charge of the Pittsfield Laboratory, 
and Mr. C. R. Blanchard, in whose section of the laboratory 
the work has been done. He is also indebted to Mr. W. C. 
Slade, of this laboratory, for his willingness to do the necessary 


2. “Use of the Electrostatic Method for Measuring Power.” 
C. Paterson, E. H. Rayner and A. Kinnes, Journal Inst. Elec. Engrs, 
July, 1913, pp. 294-360. 

3. ‘ Energy Losses at Telephonic Frequencies.’’ Fleming and Dyke, 
Journal Inst. Elec. Engrs. Vol. 49, p. 323, 1912. 

4. A Power Diagram Indicator, Harris J. Ryan, A. I. E. E., Vol. 30, 
np. 511-535, 1911. 
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glass-blowing in order that this work could be made possible. 
To the other men in the laboratory, who have assisted in this 
work either by suggestions or otherwise, the writer expresses 
his gratitude. 


I. OBJECT OF THE INVESTIGATION 

The object of the present investigation was three-fold. First, 
to show the usefulness of the cathode ray tube in studying the 
dielectric losses which occur in 
insulations. Second, to meas- ae 
ure dielectric losses, power -.200000d 000000 
factors, and currents at differ- Be 
ent voltages and temperatures 
in different insulations under 
various conditions. Third, to 
obtain a better understanding 
of the mechanism of dielectric 
conduction and to obtain em- 
pirical laws governing the 
electrical phenomena occur- 
ring in insulation when it is 
subjected to high voltage 
stresses. The results which 
have been attained and the 
information acquired through 
this investigation show that 
this three-fold object has 
been accomplished. The re- 
sults of this work will now be 
given. 


EGe el 


II. Metuop or Detrermininc DIELECTRIC LossEs 


Since the method of determining the dielectric losses with 
the cyclograph is quite different than that described by Prof. 
Ryan,° it will be necessary to show how the apparatus is used 
for this purpose. The cathode tay tube, M, is an evacuated 
glass tube of the dimensions and shape shown in Fig. 1. Under 
the proper conditions, a direct potential of about 20,000 volts, 
applied between the cathode C and the grounded anode, A, will 
cause a stream of cathode rays to originate at the cathode and 
travel at a very high velocity toward the other end. lias 
necessary to have C the negative terminal because the cathode 

DameLoomccia( 4). 
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rays consist of electrons which possess negative charges. A 
grounded brass diaphragm, d, intercepts all these rays with 
the exception of those which pass through a round hole about 
1/32 in. in diameter in this diaphragm. This small pencil or 
bundle of rays travels to the lower end of the tube where it 
strikes the fluorescent screen S. This fluorescent screen is 
usually made of calcium tungstate (Ca WOs,), or zinc sulphide 
(ZnS), or some other salt which is strongly fluorescent when 
subjected to the bombardment of cathode rays. For a fuller 
discussion of the cathode rays and their properties, the reader 
is referred to a recent article by the writer®. A more complete 
discussion on the cyclograph will appear in another section, 
but this will be sufficient to understand the theory of the ap- 
paratus. 

Theory of the Cyclograph. In order that the fluorescent 
figure on the screen may be symmetrical with 
respect to the center, it is necessary in this 
scheme to use two pieces of similar insulation. 
These two pieces are represented by A and B 
and placed between the test terminals in the 
oil-box, O, as shown in Fig. 1. Suppose now 

Fic. 2—Ficures @ high-potential sine wave is applied to these 
Propucep By THE test pieces by means of the transformer T, 
FLUORESCENT Spot and that it is desired to measure the dielectric 
ON THE SENSITIVE Joss in them. Fig. 1 shows the diagram of 
SEL connections to be used. For this purpose, a 
sine-wave potential, proportional to the voltage across the test 
terminals in the oil-box is applied to the potential quadrants, 
92,92. This potential is obtained from the air potential con- 
denser C3, as shown in the diagram. It may be represented by: 


e = e, sin pt (1) 


This potential produces the deflection of the cathode ray spot 
on the fluorescent screen S, as shown by 00) in Fig. 2. Since 
‘the cathode rays possess no appreciable inertia, it follows that 
this deflection is directly proportional to E, so that 


b = Ry ey sin pt (2) 
To the current quadrants, gi qi, is applied a potential 1, 


proportional to the current passing through the insulation under 


6. ‘Cathode Rays and Their Properties.” J. P. Minton, General 
Electric Review, Vol. 18, pp. 118-125, 1915. 
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test in the oil box. This potential is obtained from the air 
current condensers, C; and C2, as shown in Fig. 1. The voltage 
across an air condenser is directly proportional to the current 
passing through it. The current that passes through these 
condensers is that which passes through the insulation under 
test, and it may be represented by 

7 = Ip sin (pt + @) (3) 


where @ is the angle of lead of the current over the voltage 
applied to the test terminals. Since z leads e1 by 90 degrees 
and since 7 is proportional to e1, we have from equation (3): 


é: = k, Iy cos (pt + 8) (4) 


This potential e; produces the deflection aa of the cathode ray 
spot as shown in Fig. 2. The deflection is proportional to e:, so 


that 
a =k Iycos (pt + @) (5) 


Placing a = x, b = y, and Ry & = ke Ey, we have, rewriting equa- 
tions (5) and (2), 
x = k Io cos (pt + 6) (6) 


and y = ko Eo sin pt (7) 


When both of these potentials act on the cathode ray stream 
simultaneously, an ellipse is formed on the screen, 5S, by the 
fluorescent spot, in Fig. 2. The area of this ellipse is given 


by 
2 3. 
A, = [3a (8) 


0 


Making use of equations (6) and (7), we obtain from equation (8) 


0 
Or 


A = —k kz Eo I { (cos 6 sin? pt + sin 0 sin pt cos pt) pdt (10) 


(0) 


Integrating and placing in the limits of integration we obtain 


A = —-17k ky Ey Ip cos 0 (11) 
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Placing —a7k ko = a constant, and replacing the maximum 
values of Ho and Jy by their effective values E and I, we have 


Av= KE I 'cos 0 (12) 


Now, E = the voltage applied to the system, J = current 
passing through the insulation, and cos 6 = the power factor 
of the system. Therefore, the area, A, of the ellipse is pro- 
portional to the power lost in the insulation and air condensers, 
C, and C2. Since the loss in the air condensers is negligible, 
we see that the area of the ellipse is proportional to the dielectric 
loss in the two pieces of insulation under test. This is the same 
result obtained by Prof. Ryan by a different line of reasoning. 
However, the use of the cyclograph in this manner would re- 
quire calibration under various conditions in order to determine 
the multiplying factors necessary to reduce the area to units 
of power. Calibrations are not pleasant things to obtain, and, 
fortunately, they are not at all necessary. These calibrations 
are avoided by the use of the cyclograph as a power factor 
meter by measuring the currents and voltages independently. 
These two latter quantities can be determined without trouble 
and we shall see that the power factors are easily obtained 
from photographs taken of the fluorescent figure. 

Use of the Cyclograph as a Power Factor Meter. Equation 
(12) gives the area of the ellipse when the power factor of the 
circuit (consisting of the two test pieces and air condensers 
C, and C2) is equal to cos @. If the power factor of the circuit 
were unity instead of cos 0, then the area, Ao, of the ellipse 
would be equal to KEI, and it is represented by the dotted 
ellipse in Fig. 2. It is evident that 


A KEI cos 8 7 


a KEI cos 6 (13) 


A can be obtained by measuring the major (a’) and minor (0’) 
axes of the actual ellipse formed by the fluorescent spot on 
the screen, S,-Ao can be obtained by measuring aand }, Fig. 2. 
Hence, cos 6 can be determined by applying equation (13). 
This makes it evident that it is advisable to make three ex- 
posures for each photograph, one of the ellipse, one of the 
deflection a, and one of the deflection b. However, one ex- 
posure, that of the ellipse, would be sufficient to determine 
cos 9. These photographs are taken at an angle as indicated 
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in Fig. 1, but on account of taking the ratio of A to Ao, no 
errors are introduced in the values obtained for cos 6. 

Equation (13) gives the value of the power factor of the 
circuit, but one desires the power factor of the insulation which 
is being tested. This is obtained from Fig. 3, which is the 
vector diagram for the circuit consisting of the two test pieces 
and air condensers C; and C2. The voltage across this circuit 
is represented by £, and the current passing through it is rep- 
resented by J leading E by an angle 6. e; is the potential 
drop across the air condenser, and it is at right angles to J. 
E’ is the voltage drop across the insulation, and 0’ is the phase 
angle between J and EH’. The power factor of the insulation, 
therefore, is cos 6’, which is the one sought. It can be de- 
termined as follows: 


3 t zl 6 
sin @ = Bijecs 


cos 6’ = cos (0 — a) 


From which it follows that: 


2 
cos.0" = ein 6 cos 6:+ cos VA ee 


ru FE cos? 8 (14) 


ey : ; 
Now, Ge cos? @ is of such a value that it can be neglected and 


in doing so, an error not greater than 0.7 per cent will be in- 
troduced in the values obtained for cos 6’. Hence equation 
(14) becomes approximately 

cos O° = cos 0st. ay sini 2) 8 > (15) 
Below we shall see how to determine e, and E’ , and from equa- 
tion (13) we can calculate 0. Hence, by substituting the values 
for these three quantities in equation (15), we obtain the values 
for cos 0’, the power factor of the insulation being tested. The 
value of the correction term in equation (15) is obtained by 
plotting cos @ vs. 3 sin 26. Then, when we know cos 6, we 
can get values for } sin 26 from the curve. Multiplying these 
values by e, and dividing by E’, we obtain the corrections. 
These corrections amount from about 0 to 10 per cent of cos 
6, depending on the conditions of the tests. 
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Measurement of Current. The current that passes through the 
insulation also passes through the air condensers Ci and C». 
Under normal conditions, the current passing through any air 
condenser is given by 


Lf =27f Ce, X 10-* amperes, (16) 
where e; = potential in volts across the condenser, 


C = capacity in mfd. of the condenser, 
f = frequency of the applied potential. 


So that this equation can be used to obtain the current passing 
through the insulation. 

The voltage, e:, across the air condensers has been determined 
with a 120-volt Kelvin electrostatic voltmeter used either 
with a shunt or with two auxiliary condensers, one connected 
on each side of the ground between C; and C, in Fig.1. In 
the first case the voltmeter was calibrated to read directly the 


Fic. 3—VEcTOR DIAGRAM FOR 
TESTING CIRCUIT ~ Fic. 4 


voltage across the two condensers C, and C2. In the second 
case, the voltmeter was calibrated to read directly the voltage 
across these two condensers plus the two auxiliary condensers. 
The second method has proved much more reliable because 
one terminal and the metallic case of the electrostatic voltmeter 
can be grounded, and the auxiliary condensers are sufficiently 
large to permit the 120-volt Kelvin meter to be connected directly 
across them. The first scheme is represented in Fig. 4a and the 
second in 4b. In 40, the average of the readings across A and 
B is taken to represent the value of e,; to be used. e; varies 
from 600 to 3000 volts, depending on the conditions of test. 
This second method is quite satisfactory, and can always be 
relied upon to give accurate results. The shunt method is 
objectionable because it requires a very small capacity for the 
shunt, and it is affected by disturbing influences, which will 
not affect the second method in the least. These two auxiliary 
condensers, A and B, have sections of different capacities and 
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one section or another can be switched in or out, depending on 
the amount of current passing. They are made of paraffine- 
treated bond paper and each occupies a space 10 in. by 8 in. 
by 2 in., being firmly constructed so as not to undergo any 
change in capacity. The loss in these paraffine condensers is 
less than one part in two or three hundred of the total losses, 
so that they introduce no appreciable error in the results. 

The air capacities, Cj and C2, or these in series with the two 
auxiliary condensers A and B, range from about 0.003 to 0.015 
microfarad. This range has been found sufficient for this 
work on dielectric losses. The frequency of the applied poten- 
tial is measured without any difficulty. Therefore, the current 
can be calculated by means of equation (16). The current 
per sq. cm. can be obtained by dividing the total current by 
the area of the testing terminals; all the current values given 
in this paper are in milliamperes per sq. cm. The test ter- 
minals used were either 20 or 25.4 cm. in diameter, and results 
obtained with 10-cm. terminals were the same as those obtained 
with the 25,.4-cm. ones, so that the edge effect was negligible. 

Measurement of Voltage. The voltage, E, applied to the test 
terminals, was obtained by. reading the voltage on the low side 
of the testing transformer, and calculating E by the ratio of 
transformation. This ratio was 87:1, and was accurately de- 
termined. The voltage E’ across. the insulation can be cal- 
culated from the equation 


Ei =V EF? + e? —2 Fe, sin 0 (17) 


This equation can be derived from the geometry of Fig. 3. £, 
ei, and @ are known, as explained above, so that E’ can be cal- 
culated. 

Calculation of Losses. The watts lost in the two pieces of 
insulation under test are given by the equations: 


W = Ao cose" (18) 
or 
W = EI cos 6, (19) 


where the potential and current are in volts and amperes, 
respectively. Equation (18) is the one that is always used, for 
it is desired to know both the voltage across the insulation 
and its power factor. This gives the total watts; watts per 
cu. cm. can be obtained by dividing the total watts by the 
actual volume of insulation under test. 
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One is likely to imagine that considerable time is required 
to secure data for one point, that is, data for calculating the 
power factor, the current, the voltage and the watts. As a 
matter of fact about 30 seconds are required to make the three 
exposures for each photograph, and about a minute more is 
required to obtain all the other necessary readings. We thus 
see that a considerable amount of data may be taken in a very 
short time. In about 10 minutes, we can secure data to give 
curves showing watts vs. voltage, current vs. voltage, and 
power factor vs. voltage. 

An illustration of the cyclograph as it is set up in the small 
dark house, is shown in Plate CX. Reference will be made 
to this in the section devoted to the development of the cyclo- 
graph, which will now be considered. 


III. DEVELOPMENT OF THE CYCLOGRAPH 


A great deal has been written on the cathode ray tube but, 
regardless of the information given in the literature, it was found 
necessary to develop the tube practically from the beginning 
and to study carefully its characteristics. Little assistance has 
been derived from the literature because the object of this work 
was to develop tubes for commercial purposes. The tubes, 
therefore, must be reliable and constant in their operation over 
a period of several years. Tubes which will fulfill the require- 
ments for this purpose must necessarily be superior to those 
required perhaps a few times a year. Tubes which are satis- 
factory to carry out investigations extending over a period of 
a few days or weeks, would not prove of value for investigations 
covering a period of several years. The desirability of having 
tubes ready for use at any time, just as a galvanometer is, has 
constantly been kept in mind. It is the writer’s belief that 
this has now been accomplished, and tubes which have been used 
continually during the past two years indicate that reliable ones 
can be built without much difficulty. 

Some of the important observations made in the development 
of the cyclograph and a comparison of the results obtained with 
those of*other investigators will be given. A more detailed 
account of this is to be published elsewhere,’ and it will not 
be necessary, therefore, to go into too much detail here. Refer- 
ence should be made to the above-mentioned article if one 
desires to go into this subject more fully than given below. 


7. General Electric Review, July, 1915. 


1638 MINTON: CATHODE RAY TUBE [July 2 


Vacuum Characteristics. Attention will first be given to the 
vacuum characteristics of cathode ray tubes. In the literature 
on this subject one will find that reference is made to trouble 
encountered with ‘‘hardening’’ and “softening’’ effects in 
these tubes. The ‘‘ hardening ”’ is an increase and “‘ softening ” 
a decrease of the vacua. These changes may occur either during 
operation or at other times. Several suggestions’ have been 
made to counteract or eliminate these effects. There are four 
methods. The first uses an auxiliary side tube made of platinum, 
or better still palladium, through which gas can enter the tube 
when the metal is heated for a few seconds at red heat. This 
method allows a reduction in vacuum but is useless for increasing 
it. In the second, an auxiliary side tube containing acid sodium 
carbonate has been employed. This salt liberates a gas when 
a discharge of electricity takes place through it. Consequently, 
this auxiliary side tube possesses an electrode, and by passing 
a discharge between it and the anode the vacuum is reduced. 
This scheme, therefore, allows only a reduction in vacuum to 
be obtained. A third method is to have a side tube connected 
to the main tube through a stop-cock. If the pressure becomes 
too small, a little gas is admitted from this side tube. Another 
side tube containing platinum-black, which readily absorbs 
large quantities of gases, is also connected to the cathode ray 
tube through a stop-cock. If the pressure becomes too great 
the platinum-black is allowed to remove a sufficient quantity 
of gas to give the desired vacuum. The fourth method is to 
have the cathode ray tube connected continually to an exhausting 
system. The vacuum can then be adjusted at any time to any 
desired degree. 

Evidently, the first two methods of vacuum regulation are 
unsatisfactory for commercial work. 

The third scheme is not suitable because slight changes in 
pressure affect the operation of the tubes greatly, and it is diffi- 
cult to obtain fine regulation by operating stop-cocks. Such 
a scheme as this makes the construction of the tubes more 
complicated. 


Sae@wloc. ct. (4), p. 530: ; 
(b) ‘ Apparate und Verfahren zur Aufnahme und Darstellung 
von Weckselstromkurven und elektrischen Schwingungen.” H. Haus- 
rath; Helios, Fach—Zettschift fur Elektrotechnik, Zeite 527, 1914. 
(c) Fortschnitte auf dem Gebiets der Réntgenstrahlen Bd. 18, 
Heft 2, 1912, Heinz Bauer. 


PLATE CX. 
A. |. E. E: 
VOL. XXXIV, 1915 


ang 


Reviviinly | 


CYCLOGRAPH IN SMALL DARK RoOoM [min TON] 


1915] MINTON: CATHODE RAY TUBE 1639 


Likewise, the fourth method is unsatisfactory for one cannot 
afford to have suitable vacuum pumps installed where he desires 
to use the tubes. 

These difficulties and objections lead to the belief that if 
satisfactory tubes were made it would be necessary to have them 
maintain constant vacua of the desired magnitudes under all 
ordinary conditions of operation. The development of such 
tubes was undertaken. It was finally shown that the vacuum 
“softened ’’ because too much gas was adsorbed on the surface 
of the electrodes and glass walls. After the tubes had been 
operating for a few minutes, the vacua would rapidly decrease 
and would be entirely unsatisfactory for use. If too much 
adsorbed gas was liberated, then the tubes ‘‘ hardened ’’ be- 
cause some of the gas was withdrawn from the interior of the 
tubes and adsorbed on the walls and electrodes. It was found, 
however, that if the tubes were exhausted three or four hours at 
perhaps 350 deg. cent. sufficient adsorbed gases were liberated 
from the glass walls and electrodes to maintain constant’ vacua 
over long periods of time. One tube has now maintained a 
constant vacuum for almost two years and there is no indication 
that it will not maintain this vacuum for a number of years, 
although it is used almost daily. Not one exception t6 this rule 
has been found. Some tubes have been operated about ten hours 
continuously with such strong rays that one could not touch the 
glass around the cathodes without receiving severe burns. Even 
in these most extreme cases, the vacua remained constant. It 
may be said, therefore, that when tubes are exhausted in this 
manner they will maintain constant vacua, thus requiring no 
vacuum regulators of any kind. This is not only a great im- 
provement over tubes of other makes, but it insures reliable ones 
for experimental purposes. 

It should be stated that one should be careful not to allow 
the pressure to increase to atmospheric value when once the 
tubes have been exhausted at a high temperature. If this should 
occur, it may be necessary to re-exhaust them at a high tem- 
perature in order to eliminate possible vacuum troubles. This 
has been found necessary several times. 

Electrostatic Charges on Glass Surrounding Cathodes. Another 
difficulty was encountered in the development of cathode 
ray tubes. This difficulty was due to electrostatic charges which 
accumulated on the glass surrounding the aluminium cathodes. 
These charges were of a positive sign and, since the cathodes 
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were negative, it meant that discharges would occur between 

the cathodes and glass as soon as the potential differences reached 

a sufficient magnitude to cause the discharges. Such dicharges 

always caused the cathode ray streams to be unsteady, and fre- 

quently resulted in flash-overs within the tubes between the 

cathodes and anodes. The flash-overs were prevented by the 

use of high resistances (perhaps 100,000 ohms each), such as 

high-resistance lightning arrester rods, in the cathode leads. 

These resistances should connect immediately to the cathode 

terminals as shown by r in Fig. 1. These resistances not only 

prevent flash-overs, but they also cause the tubes to operate 

much more steadily. They do not, however, prevent discharges 

from occurring between the cathodes and the 

glass surrounding them. A number of in- L 

vestigators have encountered this difficulty S 

and have tried to eliminate it in various ways. 

To avoid this trouble Dr. Zenneck® surrounded . 

the cathodes with glass formed into small cups 

as illustrated in Fig. 5a. Roschansky”®, for 

the same purpose, placed behind the cathodes 

metallic screens and filled the space between 

these and the glass with ruffled tin-foil leaves. 

This scheme is illustrated in Fig. 58., where , 

S is the metallic screen and L the ruffled tin- 

foil leaves. Grundelach, in his tube, made M 

the cross-section of the cathode almost large 

enough to fill the tube, as illustrated in Fig. 5c. rae 
A tube of Dr. Zenneck’s design made in Rice 

Germany was tried, but the glass ‘“‘ hinter- 

kleidung”’ did not prevent static discharges between it and 

the cathode. It did, however, prevent them from occurring 

between the cathode and the glass wall of the tube. The 

discharges between the cathode and the glass ‘“‘ hinterklei- 

dung "’ caused unsteady cathode rays. The size, shape, and posi- 

tion of the cathodes and the kind of glass used have a great deal 

to do with the accumulation of these static charges and with 

the operation of the tubes. For example, cathodes of the shape 

shown in Fig. 5p give much trouble on account of the frequency 

of static discharges between them and the glass. Cathodes of. 

the form shown in Fig. 5m are the most satisfactory; those il- 


9. Zenneck—Weid. Ann. 69, p. 842, 1899. 
10. Roschansky, Ann. d. Phys. 36, p. 281, 1911. 
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lustrated in Fig. 5c are quite satisfactory. It was found, how- 
ever, that none of the schemes, with the exception of Roschan- 
sky's, which has not been tried, would prevent the trouble due 
to static discharges. 

It was evident, therefore, that this trouble must be avoided 
by other means. It was noticed that tubes whose vacua “‘ soft- 
ened’ during operation never gave any trouble due to these 
electrostatic charges. Tubes which have been exhausted several 
hours at a high temperature in order to eliminate vacuum changes 
are always unsatisfactory because of the difficulty with the 
charges. Since the adsorbed gases are liberated from the glass 
during exhaustion at about 350 deg. cent., it would seem that 
the reason the charges accumulate during operation of the tubes 
is on account of a film of gas on the glass being necessary for con- 
ducting away the charges. If a sufficient film is present on the 
glass, the charges are conducted to the cathodes and there neu- 
tralized, but if the film is removed, then the charges accumulate 
until they are neutralized by discharges between the cathodes 
and the glass. This phenomenon occurred with any form of 
cathode and with any kind of glass. It should not occur, say, 
in a tube whose cathode end is constructed as shown in Fig. 5r, 
where M is a metallic screen. This construction, however, 
was not necessary, for the following scheme of exhaustion was 
found to eliminate all trouble of this kind. The idea was to 
remove a sufficient amount of the film of gas by exhausting the 
tubes at a high temperature, in order to allow a constant vacuum 
to be maintained and still leave on enough of the film to conduct 
away the charges which collect on the glass surfaces. After 
some experimenting, it was found that if the tubes were exhausted 
at about 350 deg. cent. for perhaps a half-hour, the vacua would 
remain constant during several hours of continuous heavy opera- 
tion, and no trouble would be experienced on account of charges 
on the glass surrounding the cathodes. Exhaustion at a high 
temperature for this time was sufficient to avoid vacuum changes 
over long periods. This method of exhaustion has been tried 
on a number of experimental tubes and found to be satisfactory. 
One reason, therefore, why this trouble has been encountered so 
much is because the tubes have been exhausted for too long 
periods" at high temperature in order to avoid vacuum changes. 

Regarding the kind of glass which will prove most satisfactory, 
it may be said that soft sodium glass has given less trouble with 


1}. Log. cit. (8) (6), p. 527, 
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these static discharges than any other glass tried. This glass is 
also easy to work, and it is easier to adjust the time of ex- 
hausting at a high temperature to eliminate static charges and 
maintain a constant vacuum with this glass than with other 
kinds of glass tried. 

Auxiliary Apparatus. Under auxiliary apparatus are classed 
the deflecting quadrants, means of exciting the cathode ray 
tube, the focusing coil, and the potential and current condensers. 
These will be briefly discussed in the order given. 

(a) The Deflecting Quadrants. The method used to deflect 
the cathode rays is an electrostatic one, and for various reasons 
practically all investigators have the deflecting quadrants placed 
within the tubes instead of outside as shown in Figacbasd fisthe 
deflections are proportional to the voltage impressed on the 
quadrants, then it is not at all necessary to place them within 
the tubes. These tubes have been in use during the past three 
years in the laboratory and it has never been found necessary 
to have the quadrants inside the tubes. With the single excep- 
tion, described below, this law has always been obeyed. Since, 
therefore, these quadrants can be placed outside the tubes, it 
greatly simplifies their construction. It also permits easy 
adjustment of the magnitude of the deflections, a thing which 
is highly desirable in this work. The quadrants are made of 
pieces of brass about 0.5 in. by 1.0 in. and they must be supported 
by a material which has a very high insulation resistance and one 
which does not change due to surface leakage or otherwise. The 
reason for this is that the potential condenser is of small capacity 
and a small leakage current will cause the results to be con- 
siderably in error. It has been found that hard rubber serves 
this purpose nicely and accurate results can always be obtained 
with it. The hard rubber is never exposed to sunlight which 
causes its surface to deteriorate. The switches connecting the 
leads to the potential quadrants should have hard-rubber bases 
with considerable leakage surface. Since the current condensers 
are so much larger than the potential one, it is not necessary to 
have such highly insulated switches. This does not mean, 
however, that care should not be exercised with their construc- 
tion. 

One other important point in connection with the quadrants 
should be mentioned. During damp weather, moisture will 
deposit on the surface of glass. Formerly, this always hap- 
pened with the cathode ray tubes, and sometimes it was im- 


1915] MINTON: CATHODE RAY TUBE 1643 


possible even to deflect the rays because the deposited moisture 
acted just like a metallic shield for the rays. In this condition 
reliable results could not be obtained, and, indeed, one was never 
certain of the results. It was necessary to make the tubes 
completely non-hydroscopic in the neighborhood of the quad- 
rants in order to insure satisfactory results. Cellulose nitrate has 
been used for this purpose and it has been found quite satis- 
factory. This substance is made into a paste with ether and 
painted on the tubes with a brush over.a distance of a few 
inches on either side of the quadrants. The paste soon dries, 
leaving a layer of cellulose nitrate about 0.3 mm. thick over the 
surface of the glass. Since this procedure has been followed no 
inconsistencies of any kind have been observed, and this proced- 
ure is imperative for accurate results. 

(0) Excitation of the Tubes. There are several methods 
which can be used for exciting the cathode ray tube. One 
method is the use of a high-potential storage battery consisting 
of about 20,000 cells. The space occupied by this number of 
cells, each being about one inch by one inch by five inches in 
size, would be too large to make the use of the high-potential 
storage battery of any commercial value. There are a num- 
ber of other evident objections to the employment of the 
storage battery. The electrolytic rectifier was not satisfactory 
because it gave a fluctuating d-c. potential. The static machine 
has been used largely for operating the tubes, especially in Eng- 
land and Germany. This machine, however, was not found to 
produce a sufficiently constant potential, especially during damp 
weather, to maintain steady cathode rays as required for the 
cyclograph. The kenotron,” which has been developed by 
the Research Laboratory at Schenectady, has been tried as a 
means of exciting the tubes. This apparatus has not been used 
extensively, but it produces a steady cathode ray stream, and 
there is no apparent reason why it could not be used to good 
advantage in this work. It is quite simple in its construction 
‘and operation. 

The mechanical rectifier has been largely used in connection 
with the cyclograph for producing the cathode rays. The form 
of commutator used and the diagram of connections are illus- 
trated in Fig. 6. The commutator, R, is connected to the 

12. ‘A New Device for Rectifying High-Tension Alternating Cur- 
rents—the Kenotron.’’ Saul Dushman, General Electric Review, Vol. 18, 
pp. 156-167, March, 1915. 
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shaft of a small four-pole motor-generator set which sup- 
plies the low tension of the 60 cycle transformer, T. The 
commutator can be adjusted so that it will rectify the peaks 
of the a-c. wave. The rectified direct potential charges the 
condenser, C, to a voltage corresponding to the adjustment 
of the commutator. The condenser, C, supplies the direct 
potential to operate the tubes. The energy consumed by the 
tubes is so small that they operate quite steadily, thus showing 
that the potential of the condenser remains practically constant. 
This condenser consists of four ordinary Leyden jars connected 
in parallel. The present commutator will operate up to about 
30,000 volts, which is all that is required for the tubes. Care 
must be taken to have good contacts ‘between the brushes and 
the segments, because poor contacts in the system supplying 
the direct potential for the tubes 
cause unsteady cathode rays. One 
essential for good contacts is to 
adjust the brushes so that they are 
almost tangent to the commutator. 
Fibre gives sufficient strength and 
insulation for the commutator. 
The only metal parts are the seg- 
ments, brushes, and connecting 
strips, a and b. 
(c) Focusing Coil. Prof. Ryan" Rie. 

and Mr. Rankin™ have said much 

concerning the focusing coil, F (Fig. 1), and its use in con- 
centrating and increasing the brightness of the fluorescent 
lines on the screen. It will not be necessary, therefore, to dis- 
cuss this apparatus and its action for it would simply be repeat- 
ing what they have already said. . It will be well to emphasize, 
however, that it is necessary for the axis of the focusing coil 
and tube to exactly coincide. If this condition is not fulfilled, 
then the figures on the screen will not be symmetrically located 
with respect to the center. Neither the area of an ellipse nor 
the magnitude of the deflections is changed by moving them 
over the screen with the focusing coil, so that no error is in- 
troduced into the results by not having the above conditions 
carried out, but one who is not familiar with the character- 

13. Loc. cit. (4), p. 527-528. 


14. Rankin “ Use of a Magnetic Field with the Ryan Cathode Ray 
Oscillograph”, Phys. Review, Vol. 21, pp. 399-406, 1905. 
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istics of the tubes might be inclined to look with skepticism 
upon the results. 

It has been stated that only the brightness of the fluorescent 
spot on the screen and not its size is affected by the use of the 
focusing coil. The observations, which have been made in 
connection with the development of the cyclograph, do not 
bear out this statement. When the coil is placed just above 
the plane of the quadrants, the spot and the lines are not only 
magnified in brightness for the same applied potential, but 
they are also finer and much more sharply defined. This 
would be the proper place for the focusing coil if it were not for 
the effect of the magnetic field superimposed on the electro- 
static field. The focusing coil is always placed so that its plane 
coincides with that of the cathode. 

(d) Potential and Current Condensers. The potential con- 
denser consists of hollow metallic tubes with their ends closed 
by semi-spherical caps. About six of these are joined together 
with metallic rods and supported from the ceiling with in- 
sulators. Two such plates constitute the outer plates of the 
potential condenser, Cs, shown in Fig. 1. The inner plates 
are about 2% ft. by 2 ft. by $} in. The middle one is grounded 
and supported firmly, while the two adjacent ones on either 
side are supported from the ceiling with hard rubber. These 
hard rubber supports are necessary for the reason stated in 
the section on ‘‘ Deflecting Quadrants.’’ It is essential to 
have air as the dielectric for the potential condenser because 
an error would be introduced into the results if the phase angle 
of it were not 90 degrees. In the theoretical discussion of the 
cyclograph, it was assumed that the phase angle was 90 degrees. 

The current condensers should have air for the dielectric, 
for at least four reasons. First, if these condensers are broken 
down, as they are when the test pieces are broken down, then 
those with air dielectrics are self-restoring. Those with other 
dielectrics might be broken down and cause one considerable 
trouble in repairing them. Second, it is necessary to have 
current condensers which never change in capacity. The air 
condensers used have not changed more than one per cent in 
capacity during the past two and a half years. Condensers 
with other dielectrics would likely cause errors in the results 
due to capacity changes. Third, if condensers with dielectrics 
other than air are used, then it is necessary to correct the re- 
sults for the losses in them. It is better to eliminate these 
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losses rather than correct for them. Fourth, in the formulas 
used for calculating the current and power factor of the insula- 
tion, a perfect condenser was assumed. These current con- 
densers are constructed so as to have the minimum current 
possible pass through the supporting frames. 

Peculiarities of the Tubes. At this stage it will be well to 
refer to several points to which attention should be given in 
order to insure steady operation of the tubes. The first is 
that care must be taken to eliminate the disturbing effects due 
to stray magnetic and electric fields. The cathode ray stream 
should be actuated only by the field applied to the quadrants. 
Now, the tubes are operated at about 15,000 to 25,000 volts 
so that a very strong field exists around the cathode lead. 
This field has caused much unsteadiness in the cathode rays 
and has given much trouble in taking current readings with 
the “static voltmeter and condenser shunt method.” For 
this reason the cathode leads should be small, well insulated, 
lead-covered cables, the sheath being grounded. These cables 
act as part of the condensers used to supply direct potential 
for the tubes. So that the resistance, r, must be placed as 
shown in Fig. 6. If it were placed between the condenser 
and the lead rather than between the lead and cathode, then 
the tube would be unsteady. In order to completely shield 
the rays and the leads connected to the quadrants from this 
field, it is necessary to have a thin metallic hood of some sort 
extending down almost to the quadrants and up to the cathode 
lead. The resistance, 7, is then placed within this hood. This 
precaution prevents the “jumping”? of the figures on the 
screen due to the field around the cathode lead. It is well 
to have metallic cylinders over the large part of the tubes as 
shown in Plate CX. The hole which is seen in the cylinder 
is for the purpose of allowing photographs to be taken. Such 
a procedure as this will eliminate much unsteadiness of the 
rays and prevent the figures on the screen from “ jumping.” 
This sort of trouble appears to have been encountered beforels 
but apparently it was not eliminated. 

Prof. Ryan found it necessary!® to cover the surface of the 
tubes from the anodes extending past the cathodes with a 
thick paraffine jacket to avoid irregularity in the cathode ray 
streams due to corona forming on the cathode leads where 


Ths lec, cit. (8) Xb), p. 2S. 
16. Loc. cit. (4), p. 529-530. 
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they enter the glass. This corona formation has been observed 
frequently, but after the cause of unsteadiness mentioned above 
was eliminated, no irregularity of the cathode ray streams 
was observed due to this corona formation. It is not necessary, 
therefore, to provide the tubes with insulating jackets around 
the cathodes. 

Another peculiarity noticed was that when high voltages 
(3000 or 4000) were applied to the quadrants (due to large 
losses in the insulation) small areas were obtained when the 
separate deflections (a and b) were being photographed. These 
Could not be due to a potential applied to the opposite set of | 
quadrants because they were grounded while the photographs 
of the other deflections were being taken. These areas were 
due to fields set up between the leads connected to the upper 
portions of the switches (see Fig. 1). Leads connected to 
each pair of quadrants came down on opposite sides of the 
tube and about 12 in. apart. After the wires of each pair of 
leads were brought down together and connected to the quad- 
rants no further trouble was experienced from this source. 
These areas were quite noticeable because the potential and 
current were almost in phase with each other; this condition 
may be obtained in insulation, as we shall soon see. 

In regard to the salt used for the fluorescent screen, it may 
be said that calcium tungstate (CaWO,) and a zinc sulphide 
(ZnS) are the most strongly fluorescent salts when acted upon 
by cathode rays. The former salt is more strongly fluorescent 
for the weaker rays, while for very strong rays the latter salt 
is the more strongly fluorescent. Both of these substances, 
however, will be found useful in making the screens. 

Considerable space has now been devoted to the theory of 
the cyclograph and its development. The remaining portion 
of the paper will be devoted to a study of dielectric losses and 
other electrical properties of insulation, such a study being 
made possible by the development of the cyclograph for this 
work. The results of some of the tests will first be given and 
a discussion of them will follow. 


IV. EXPERIMENTAL RESULTS 


In section II it has been shown how the dielectric loss, 
power factor, and current for a piece of insulation are deter- 
mined. (See equations 18, 16, and 15). These quantities have 
been determined for a number of different insulating materials 
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and have been plotted against the applied voltage, the tem- 
perature, and per cent absorbed moisture in the case of paper. 
Since a very large amount of data on insulation has been taken 
with the cyclograph during the past three years, it will be pos- 
sible to incorporate only a small portion of it, in this paper. 
A sufficient amount of it, however, will be given in the form 
of curves to enable one to obtain a general idea of what is 
taking place within a piece of insulation when it is subjected 
to a high voltage stress under various conditions. These curves 
will also give one a knowledge of the magnitude of the quanti- 
ties involved. Section V, contains a closer study of these ex- 
perimental results and empirical equations are given to rep- 
resent the results mathematically. 

All the tests embodied in this paper have been made at 60 
cycles with a generator which produces very nearly a sine 
wave. The tests were made in good transformer oil to avoid 
corona and the brass test terminals were either 20 cm. or 25.4 
cm. in diameter and 0.5 cm. thick. They were square-edged 
and arranged so that they could be clamped into position after 
good contact was obtained. 

The original data from which the results were calculated 
need not be given here. The calculated data, however, are 
given in the form of curves. The tables from which the curves 
were plotted are omitted for the sake of brevity. For the pur- 
pose of illustrating how the original data were taken and the 
results calculated, there are given below two tables on oil- 
treated pressboard, sample No. 2, the results on which are 
given in a later section and shown graphically in Figs. 19, 20 
and 21. It should be stated that the results given in this paper 
were obtained from data taken for other purposes. For this 
reason it was necessary, in the case of varnished cloths and in 
the case of the effect of moisture in pressboard, to take the 
plotted points off of other curves. In the case of all the other 
results incorporated in this paper the points represent actual 
data taken. It should also be stated that some of the units 
used were English while the others were metric. It is cus- 
tomary in this country to express voltages in volts per mil 
and thickness in inches. If the metric units had been used 
it would have been necessary to change them in the English 
units for comparative purposes. In order to avoid this the 
English units were used in these cases. In all other cases the 
metric units were used because it is much better to start think- 
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ing in metric rather in English units when there is no stand- 
ard already established. 


ORIGINAL DATA 

Date: 12-14-14. 
Generator: sine wave, No. 1080. 
Test terminals: 20 cm. square edged. 
Frequency: 60.5 cycles. 
Temperature: 60.0 deg. cent. * 
Volts on tube: 21,500. 
Focusing coil: 1.5 amps. 
Exposure: Ellipses, each 10 sec. 

Cross lines, each 5 sec. 
Material: 3/32-in. oil-treated pressboard. 
Sample: Two sheets, A and B (see Fig. 1). 
Average thickness of sample: (0.470 cm.) 0.185 in. 
Total volume under test: 147.7 cu. cm. 


> 


ee eee 


Volts on paraffine 


Photo Gen. condenser (Fig. 4 B) Combination of 
No. volts air condensers 
A B Section 
1 141. 49.3 54.2 2 1, 2, 3, 4 series 
2 234. 78.5 87.5 2 “ < 
3 361. 52.0 53/5 3 C Cs 
4 460. 69.5 72.0 ) ile a 
5 552. 82.5 86.3 3 2 Cs 
6 458. 69.0 71.8 3} - e 


In the table below one will find the calculated results of the 
above table. The following explanatory remarks apply to this 
table: a and b are the horizontal and vertical semi-axes, re- 
spectively, of the photographs; a’ and 6’ are the major and 
minor semi-axes of the ellipses, respectively. Cos 6 is the 
power factor of the circuit, while cos 0’ is that of the insula- 


heath: 
tion. The former is equal to ae while the latter is given by 


equation (15). By means of calibration curves the read- 
ingsin columns A and B of the above table give the voltage 
é;, see Fig. 48. The averages of A and B, which are always 
nearly equal, are given inthe tablebelow. These average values 
are used to determine J, also given in the following table. 
I is calculated by means of equation (16). This equation 
yields the following equations for the various combinations of 
condensers used: J; = 0.0000186 fe:, milliamperes, for first 
combination in the above table; J, = 0.0000197 fei, milli- 
amperes, for the second combinations; 7; = 0.0000439 fe:, milli- 
amperes, for the third combination; f is the frequency. The 
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equations give the total current passing through the insulation; 
the current per sq. cm. is obtained by dividing by 314 sq. cm., 
the area of test terminals. The current values are given 
in milliamperes per sq. cm. FE, in kv., is obtained from the gen- 
erator volts by multiplying by 87.0 + 1 per cent, the ratio of 
transformation of the testing transformer. ’, in kv., is cal- 
culated by means of equation (17). The volts per mil (V.P. 
M.) are obtained by dividing E’ by the total thickness. The 
total watts are calculated by means of equation (18); dividing 
by the volume of the insulation, one obtains the watts per cu. 
cm. In this way the following results were calculated from 


the above table: 
RESULTS CALGULATED. 


Cos | Cos | Ave, II (m.a.) 
Photo| a el ae |) oe 6 | 8 |cond.| sa. By ee Wi 
No. |iem- | icm..| cm: |Sem>-) PEt |S PEtalsvolts iii cmacean | UV! micve Ge 1) Velze ivi 
cent | cent 
1 1.13 | 0.55] 1.28] 0.050} 10.3) 11.3] 1055 |0.00379| 12.3) 11.2/0.0101} 60. 
2 1.77| 0.85} 2.00] 0.058} 7.7] 8.4] 1685 |0.00605) 20.3; 18.5 |0.0199} 100. 
3 2.49 |} 1.28] 2.85] 0.065) 5.8) 6.3) 2440 |0.00930/ 31.4) 28.9 |0.0359| 156. 
4 1.55} 1.60] 2.13] 0.060} 5.1) 5.3] 1465 |0.0124 | 40.0) 38.5 0.0537) 208. 
5 1.83] 1.52] 2.43]0.050| 4.4) 4.6] 1745 |0.0148 | 48.0] 46.2 |0.0667| 249. 
6 1.54] 1.30] 2.05] 0.047) 4.8] 5.0] 1455 |0.0123 | 39.8] 38.30.0502) 207. 


As a further means of illustrating how the results are obtained 
there are given in Plate CXI reproductions of a series of six 
photographs taken on a sample of varnished cloth at 200 volts 
per mil. and at various temperatures. These illustrations show 
that the figures on the fluorescent screen are very steady and 
well defined. From these illustrations the power factors (cos 6) 
are determined. The following table gives the measurements 
made on the negatives. The plates used were the American 
Lumiere sigma. 


Cos Cos 

Photo a b a’ b/ 0 0’ Temp. 
No. cm, cm, cm. cm. per cent per cent | deg. cent. 
1 2.70) 0.85 2.91 0.045 5.7 6.3 30.0 
2 2.79 0.85 3.05 0.055 Welt 7.9 71.0 
3 2.83 0.87 3.12 0.102 12.9 14.4 99.5 
4 2.90 0.87 3.17 0.187 23.5 26.2 115.0 
5 1.55 0.85 1.83 0.290 40.3 42.2 130.0 
6 1.93 0.88 2.15 0.515 65.2 68.6 145.0 


PLATE CXl. 
Aol EE. 
VOL. XXXIV, 1915 


No. 1 [mrnton] No. 2 [Minton] 


No. 3 [min TON] No. 4 [MINTON] 


INIOwD [Minton] No. 6 [Minton] 
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A. Varnished Cloths. A large number of tests have been 
made on various kinds of varnished cloths. The different test 
samples were about 30 cm. square, and were built up of sepa- 
rate sheets of the same size to the required thickness. Ordinarily, 
each of the test pieces, A and B, (see Fig. 1) consisted of four 
or five sheets of varnished cloth assembled under oil, or bound 
together by thin oil-films, and placed between the test ter- 
minals in the oil box. Either method of assembly will yield 
the same results, as long as good contact is maintained between 
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the terminals and test pieces. Tests made on samples ranging 
from four to twelve sheets also yield the same results. 

In Figs. 7 to 12, inclusive, are illustrated some of the results 
taken on various kinds of varnished cloths. It is seen that 
the current values in Fig. 9 fall nicely on the lines, but in Fig. 10 
quite the contrary condition is noticed. No doubt a large 
part of this inconsistency is due to the initial condition of the 
material and to the effect of temperature in producing definite 
changes in it. Changes of this nature have been noted by 
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other observers.!7 For sample No. 1, it is seen that the losses 
at 138 deg. cent. are forty-five times as great as they are at 
25 deg. cent. and for sample No. 2, the ratio is twenty-five to 
one. All the curves shown in Figs. 7 to 12, inclusive, are con- 
sistent in showing that No. 1, No. 3 and No. 2 represent the 
order in which the samples should be placed, as far as represent- 
ing their insulating value is concerned. 

It will be interesting to compare these results on varnished 
cloths with those on some others. In one instance, with 
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another varnished cloth at about 200 volts per mil and 100 deg. 
cent., the watts per cu. cm. were about 4.0, the per cent power 
factor 98, and the milliamperes per sq. cm. about 0.050. Com- 
paring these values with those given in Figs. 7 to 12, inclusive, 
one will note the following points: watts per. cu... cm. .at. 200 
volts per mil and 100 deg. cent. are about twenty-three times 
as great for the above cloth as they are for sample No. 1; the 
current value is about five times as great and the power factor 


17. bgbocs city48),op.e365: 
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about four and a half times as great for the former cloth as for 
the latter. On the other hand, another sample of varnished cloth 
has yielded a power factor at 100 deg. cent. of about 13.5 per cent 
compared with about 20 per cent as shown in Fig. 11. These 
numbers show in a striking manner the difference likely to be 
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120 140 


found in various kinds of varnished cloths, and they also show 
that tests of dielectric losses yield most valuable results. When 
a loss of 4.0 watts per cu. cm. is observed in a piece of insula- 
tion whose volume is about 250 cu. cm., it means that about 
a kilowatt is producing heat in it. Under such severe con- 
ditions a piece of insulation will always be punctured within 
a few minutes. 
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B. Oul-Treated Pressboard. The samples of pressboard used 
were about 30 cm. square and were cut from regular 3/32-in. 
stock. After receiving a certain amount of drying, the samples 
were impregnated with good transformer oil for several hours. 
The results on the samples of pressboard, selected for this paper, 
were chosen so as to be able to show the characteristic curves 
and to compare the results for similar insulations under dif- 
ferent conditions. Each of the test pieces, A and B, (see Fig. 1) 
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consisted of one sheet of oil-treated pressboard of the dimen- 
sions given above. 

Figs. 13 to 18, inclusive, show a set of curves taken on press- 
board sample No. 1. The figures which have temperature as 
the abscissas were obtained from those having volts per mil 
as their abscissas. Attention should be called to the fact that 
the power factor was observed not to change with voltage for 
this sample at 53 deg. cent. and 80 deg. cent. For this reason 
one photograph only was taken at each of these two tempera- 
tures. These two power factors were used in making calcula- 
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tion of watts at the different voltages for these two tempera- 
tures. Such a procedure as this would not be justified if the 
power factor changed with the applied voltage. 

All the current curves shown in Fig. 15, with the exception 
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of the one at 127 deg. cent., curve upward near the upper ends, 
thus showing that the insulation was weakening. After tak- 
ing the reading at 204 volts per mil and 127 deg. cent., the 
voltage was increased to secure a reading at 250 volts per mil, 
but before it could be taken the pressboard broke down. 
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Results on two other samples (No. 2 and No. 3) of oil-treated 
pressboard, of the same kind as sample No. 1, are shown in 
Figs. 19 to 24 inclusive. These are for comparison with sample 
No. 1. Curves are not given for samples No. 2 and No. 3 show- 
ing dielectric loss, current, and power factor plotted against 
temperature. These three quantities, however, are plotted 
against voltage at 28 deg. cent., 60 deg. cent. and 85 deg. cent. 
The effect of temperature, therefore, up to 85 deg. cent. can 
be noticed and a comparison made with sample No. 1. 

It is worth while to compare the losses of samples No. 2 
and No. 3 here. Considering the curves in Figs. 19 and 22, it 
it seen that at 27 deg. cent. and 28 deg. cent. the losses for sample 
No. 2 are about half of those for sample No. 3 at the higher 
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voltages, while at the lower voltages the reverse is true. At 
60 deg. cent. the losses in the former sample are about one- 
tenth of those for the latter sample at the higher voltages, but 
at the lower voltages they are about one-third as large. For 
the higher voltages the losses in sample No. 2 at 85 deg. cent, 
are about one-thirtieth of those in sample No. 3 at the same 
temperature, but they are about one-eighth as much at the 
lower voltages for the same temperature. These numbers 
show that temperature has an enormous effect on sample No. 3 
compared with sample No. 2, They also show that a peculiar 
phenomenon of some nature occurs as the applied voltage is 
increased, otherwise the above peculiarities would not occur 
This same effect is present at the higher temperatures edatise 
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per mil at three different tempera- 
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the ratio of the losses in the two samples is much less at the lower 
voltages than at the higher ones. These peculiarities observed 
for the losses are due to the decrease in power factor with in- 
creasing voltage for sample No. 2, as shown in Fig. 21. The 
set of curves for sample No. 2 shows that the pressboard was 
not weakening rapidly as the temperature was increased, but 
those for sample No. 2 show very large weakening effects due 
to increase of temperature. 

One is surprised to observe such large variations in the losses, 
power factors, and current values for the same insulations 
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Comparative curves showing current vs. volts per mil at three different temperatures— 
60 cycles—sine wave—total thickness 0.199 in. 


under the same voltage and temperature conditions. The ex- 
planation of these variations is found in the quantity of absorbed 
moisture the samples contained. These three samples of oil- 
treated pressboard contained different amounts of absorbed 
moisture and for this reason their electrical properties were 
quite different. Samples No. 1, No. 2 and No. 3 contained 
1.0 to 1.5, about 0.5 and about 5.4 per cent free moisture, re- 
spectively. Since sample No. 2 had considerable drying it 
may be that certain effects were produced, due to this, that 
caused the power factors to behave as shown in Fig. 21. This 
will be referred to in the next section, dealing with astudy of the 
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experimental results. It may be asked, then, how much of the 
losses, power factors, and current, is due to moisture and how 
much is due to the material itself. The answer to this question 
has been determined as shown in the next section. 

C. Effect of Moisture in Oil-Treated Pressboard. In order to 
determine how the losses, power factors, and current for oil- 
treated pressboard are affected by the quantity of absorbed 
moisture, a number of samples of the same kind of pressboard 
as tested above was taken. These samples were about 30 cm. 
by 35 cm. cut from the regular 3/32-in. stock. They were 
placed in a closed can for about two weeks just prior to begin- 
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Comparative curves showing per cent power factor vs. volts i i 

f Ss. per mil at three diff. 
temperatures—60 cycles—sine wave—total thickness 0.199 in. Upper curve 85 dex, 
cent.; middle curve, 69 deg. cent.; lower curve, 28 deg. cent. : : 


ning the tests. During this period the samples had sufficient 
time to liberate or absorb moisture until all of them contained 
equal percentages. 

When a test was ready to be made, two sheets were taken 
out of the can. Two strips about 2.5 cm. by 30 cm. were cut 
from each sheet, and from the four strips thus obtained, eight 
samples, 2 cm. by 5 cm., were cut from various places. These 
small samples were placed, at once, in an air-tight weighing 
bottle. The test samples, 30 cm. square, were weighed at 
the same time the moisture samples were put in the air-tight 
weighing bottle. The square samples were then dried in air 
at 100 deg. cent. until they had lost the desired amount of mois- 
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ture. They were then weighed in an air-tight receptacle, and 
their weight determined before any moisture could be absorbed. 
After weighing, the samples were placed at once in good trans- 
former oil at about 65 deg. cent. in order to be sure that no 
moisture was absorbed by exposure to the air and to avoid 
the possibility of liberating appreciable quantities of water 
during impregnation at 65 deg. cent. From these data, the 
percentage loss of weight due to vaporizing moisture was de- 
termined. By securing the weights of these small moisture 
samples before and after drying them at about 90 deg. cent. 
in vacuo, it was possible to calculate the total free moisture 
they contained. Phosphorus pentoxide tubes were used to 
absorb the water liberated during the drying. This percentage 
of free moisture in the small samples was taken to represent the 
percentage of absorbed moisture in the test pieces. Subtracting 
from this value the valué obtained above for the loss of weight 
due to drying in air at 100 deg. cent., one obtained the per- 
centage absorbed moisture still remaining in the test pieces 
during the tests. Absolutely correct results cannot be obtained 
by this method, but approximately correct percentages can be 
secured. 

In Figs. 25, 26 and 27 will be found results taken at 200 volts 
per mil and at three different temperatures on several sheets 
of pressboard containing different percentages of moisture. 
It is to be regretted that more points are not available through 
which the curves may be drawn. Sufficient points, however, 
were taken to give the general shape of the curves and to show 
the enormous influence absorbed moisture has on the losses, 
power factors, and current values. for porous insulation capable 
of absorbing moisture. The value 0.5 per cent moisture was 
estimated from previous experience. Attention should be 
called to the point at 99 per cent power factor given in Fig. 27. 
At 150 volts per mil the recorded power factor was 99 
per cent, but while attempting to take the reading at 200 volts 
per mil the test pieces broke down. From previous experience, 
therefore, it was known that the power factor at 200 volts per 
mil and 85 deg. cent. could not have been less than 99 per 
cent. For this reason this point was used to give the direction 
of the curve near 100 per cent power factor. 

At lower voltages (50 to 100 volts per mil) there is a decided 
‘ dip’ in the curves similar to those shown in Fig. 27 at about 
2.0 per cent moisture. At the higher voltages (250 volts per 
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mil) and temperatures this ‘‘ dip’ is not present. Too much 
space would be required to show all of these effects by means 
of curves, and for this reason they are omitted. It is question- 
able, therefore, whether all the moisture should be removed 
or not. Other interesting points will. be brought out in the 
study of the experimental results given next. 


V. Stupy or EXPERIMENTAL RESULTS 


Empirical Equations. In order to study the subject more 
carefully, it will be advantageous to express the results in the 
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form of empirical equations. By this means, a comparison 
of the results leads to a better understanding of them and will 
show clearly the fundamental nature of all of the results given 
in this paper. In experimental results, the order in which the 
figures were given was dielectric loss, current, and power factor 
This order will now be reversed, and equations for current 
and power factors followed by those for dielectric losses will 


be given as a function of the voltage, temperature and per 
cent moisture. 3 
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(a) Voltage Equations. 

1. Current vs. volts per mil. It has been found that the 
current values, J, as given by Figs. 9, 15, 20, and 23, can be 
expressed as a function of the voltage, V, by the general equation 


I= K,\V+ K.V" (20) 


Ordinarily, at about room temperature and for fairly good 
insulation, the results can be expressed by the first term of equa- 
tion (20), so that the second term becomes zero. For these 
cases 

I= KiV (21) 


The second term of equation (20) represents the deviation from 
a straight line which is tangent to the curve at the origin. If 
I is expressed in milliamperes per sq. cm. and V in volts per 
mil, the following equations express the results nicely: 


Fig. 9 Varnished cloth—Sample No. 1—I = 0,0000497V 
*  9— 4 4 eS No. 2—I = 0.0000465V 
So Qa na f € No. 83—I = 0.0000486 V 


“ 


15—Pressboard—Sample No. 1—53 deg. cent.—J = 0.0000453V 
+3.1XK10—% y*% 


1 = — “ No. 1—80 deg. cent.—I = 0.0000458V 

+ 2.5X10-4 ps8 
15 —  “ No. 1—108 deg. cent.—I = 0.0000492 V 

+ 4.0 107% 8-03 
“ 15— & — “ No. 1—127 deg. cent.—J = 0.0000604 V + ? 
Ke 0 == x — “No. 2—27 deg. cent.—I = 0.0000567V 
0 a —  “_ No, 2—60 deg. cent.—I = 0.0000594V 
« 20— ‘ — “No, 2—85 deg. cent—I = 0.0000603V 
Gas 3 — “No. 3—28 deg. cent.—I = 0.0000577V 
So x — “No. 3—60 deg. cent.—I = 0,0000673V 


+ 1.241078 pl-st 
Cs « — “No. 8—85 deg. cent.—I = 0,000111V 


+ 6.85 X 1078 yi-% 

Equation (21) shows that the current varies directly as 
the voltage. From the above equations, this is seen to be 
true with all samples ‘tested at room temperature, and also 
true for some samples tested at higher temperatures. This 
means that the admittances of the test samples were constant 
when this equation was satisfied. In order for the admittance 
of a piece of insulation to remain constant the capacity and 
resistance must not change or they must change in such a Way . 
as to leave the admittance constant. It is more reasonable 


to believe that the first condition would be fulfilled rather than 
the second. 
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When equation (21) fails to represent the current passing 
through the insulation, then equation (20) will do it. When 
the current is rising faster than the voltage, as indicated by 
equation (20), it means that the insulation is weakening, and 
implies less satisfactory material than if the weakening effect 
were not present. It is doubtful if any insulation will prove 
satisfactory that needs equation (20) to represent the current 
passing through it. The equations tabulated above show 
that some of them are of the form (20) and, in these cases, the 
material broke down under test, while the others did not punc- 
ture. This suggests, therefore, that it is not at all unreason- 
able to judge the electrical value of an insulation merely by 
making observations of the current alone. The second term 
of equation (20) represents almost wholly, if not entirely, 
energy current. Part of the constant term also represents 
energy current. Pressboard sample No. 3 contained 5.38 per 
cent moisture, while sample No. 2 contained about 0.5 per 
cent, and one will notice from the above equations that this 
extra amount of moisture is responsible for large energy currents 
because the dielectric losses, as previously pointed out, were 
much larger for the former sample. 

2. Power factor vs. volts per mil. The power factors, as given 
by Figs. 11, 17, 21, and 24, can be expressed as a function of 
the voltage, V, by one of the following forms of equations: 


P=K (22) 
bh aid Se ila a G9 (23) 
P= Ki— KiV (24) 
TNS GREY Mat (25) 
P= Kyik KK 9.165% (26) 


e is the base of the Napierian logarithms. 

If P is the per cent power factor, and V the volts per mil, 
then the following equations represent the various curves given 
in the figures referred to above: 


Fig. 11—Varnished cloth—Sample No. 1—P = 21.5 
“ 11— ‘ ee Fea No. 2—P = 18.2 
© 11— é ee eel No. 3—P. = 18.2 + 0.0068V 
“ 17—Pressboard—Sample No. 1— 53 deg. cent.—P = 1.7 
© dhe — “ No. 1— 80 deg. cent.—P = 3.0 
6 17— . — “ No. 1—103 deg. cent.—P = ? 
pela vf — “ No. 1—127 deg. cent.—P = 22-8-0.0136V 
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i —_ — . — gr. t.—P = 3.0 
Fig. 21 « No, 2— 27 deg. cent.— 1 ge o-004t6 

ae io —_ “ No. 2—60 deg. cent.—P = 3.5 
Js 10.3 €7—0 008720 

2 “ = “ No. 2—85 deg. cent.—P = 4.0 
ae 16.5 7 07004629 
« 24— < — “ No. 3—28 deg. cent.—P = 5.4 +00585V 
“ 24— ‘ = “ No. 3—60 deg. cent.—P =26.3 +0.0196V 

« 94— . —_— “ No. 8—85 deg. cent.—P = 100. 
—244, V-Ous 


Referring to Fig. 17, it will be seen that no equation is given 
for the curve at 103 deg. cent. This curve first has an apparent 
decrease and then an increase of power factor. Curves of this 
type require a combination of two equations to express them. 
The equations which represent the power factor as a function 
of the voltage are quite varied over the range of conditions 
met with in the tests reported in this paper. The equations 
hold closely over the range of the tests; some of them cannot 
hold for low voltages, while others cannot apply for high volt- _ 
ages. They are valuable in so far as they give one an idea 
of the forms of the equations when the power factors are meas- 
ured over such wide conditions as were met in these tests. 
When equation (22) holds, the power factor does not change with 
voltage. From the numerical equations above, it is seen that 
this equation applied in several cases. Insulation which be- 
haves in this way will prove satisfactory as far as dielectric 
losses are concerned. Equations (28) and (25) are for power 
factors which increase with voltage, and (24) and (26) are for 
those which decrease with voltage. The numerical equations 
given shown that all four of the forms are required to express 
the results. The particular form of equation which will hold 
depends on the conditions of the test and on the nature of the 
insulation. It depends on these two things, because the power 
factor varies from zero to 100 per cent. In order for an equa- 
tion to represent the power factor completely, it must be one 
which has these two limits as its asymptotes. The particular 
form of equation, then, will be influenced by the position of 
the power factor with respect to these two limits. Both the 
conditions of the test and the nature of the insulation determine 
the value of the power factor, as has already been pointed out. 
The power factor changes because the capacity and resist- 
ance vary. The results show, therefore, that in some cases 
these do not change, while in other cases, large variations are 
observed with voltage. One would think the increase in power 
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factors is due to heating effects. But the losses always produce 
heating effects, which are small in many cases, and hence, the 
power factor should always increase, if it changes at all with 
voltage. It was pointed out, however, that a surprisingly large 
decrease in power factor with increasing voltage was observed 
in the case of well-dried oil-treated pressboard. In this case the 
application of high-voltage stresses produces effects, the nature 
of which is not fully known. Just as mica filings are lined up 
under the influence of an electric field, so are the water and 
other movable materials in an insulation influenced. It may 
be that herein lies the explanation of certain electrical phe- 
nomena observed in connection with insulation. 

3. Watts vs. volts per mil. It is found that in almost all 
cases the watts (W) can be expressed as a function of the volt- 
age (V) fairly well by the equation 


W = KV" (27) 


Referring to equation (19), if the power factor is independent 
of the voltage and the eurrent directly proportional to it, then 
W should vary directly as the square of the voltage. This law 
is frequently assumed to be true and many calculations are 
made depending on this assumption. The table of equations 
given below will show that this square law does not hold in 
many cases. If the power factor increases with increasing 
voltage and the current varies directly as the voltage or faster 
than it, then the exponent m in equation (27) must be greater 
than. two. The current has not been observed to vary less 
than the first power of the voltage, but the power factor fre- 
quently decreases with increasing voltage. In these cases, 
the exponent must be less than two. ‘The following table 
will show all three of these instances. W is expressed in watts 
per cu. cm. and V in volts per mil. 


Fig. 7—Varnished cloth—Sample No. 1—W 


ll 


4.90 107% yrs 


‘ T— “ Seat Nos2—Wie= 4.40% 107° V3 

« I % oa No 3=:W = 187><10-% v7" 

“-13—Pressboard— Sample No.1—53 deg. cent.—W =0.235 X 10 V?*™ 
ld <5 — “ No. 1—80deg. cent.—W =0.665 X10 yl" 
o Tg % = ®) No. 1103 deg.cent.—W =2.47X 107% yi 
om g — * No, 1—127 deg.cent.—W =9.45 X10°% vi'® 
“ 19— é — .“ » No. 2—27 deg. cent—W=15.6 X10 vi" 
“ 19— — “ No, 2—60 deg. cent.—W =45.5 107% yi 
“ 19— e — % No. 2—85 deg. cent.—W =52.5 X10-* yi# 
la : —° “ No, 3—28 deg. cent.— W =0.210 X10 * Vv?" 
“« 22— « — “ No. 3—60 deg. cent.—W =2.75 X10 ve 
 22— s — * No, 3—85 deg. cent.—W=3.85xX10° Vv?” 
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This table shows that the losses vary at least from the 1.32 
to the 2.52 power of the voltage, depending on the condition of 
the test and on the nature of the insulation. Comparing the 
current and power factor curves with the corresponding loss 
curves, it will be observed that the ‘‘ square’ law holds fairly 
well where it should hold theoretically. When the power 
factor decreases with increasing voltage and the current varies 
directly as the voltageit will be noted that the same equation holds 
but the exponent is considerably less than two. In other cases, - 
on account of the manner in which the current and power factor 
vary with the voltage, the exponent. » is considerably greater 
than two. The samples of pressboard which contained the 
largest percentage of moisture gave the largest values for 1, 
while the well-dried sample (No. 2) gave the smallest. As 
has been suggested already, pressboard sample*No. 1 probably 
contained a little more moisture than sample No. 2, and it is 
seen that the exponent has larger values for the former sample 
than it has for the latter. In addition to this effect of moisture 
on the exponent n, the temperature at which the tests are 
made also affects the values of the exponent. In the same 
way, the moisture and temperature influences the value to be 
assigned for the constant K. 


(b) Temperature Equations. 
1. Current vs. temperature. The curves in Fig. 10 showing 


the current vs. temperature for varnished cloth can be repre- 
sented by the equation 


I= Ki+ Ke &® (28) 
while those for pressboard given in Fig. 16 can be represented’ 
by 

dl = Ky + KeT” ¢ } (29) 


It has already been mentioned that the points for the curves 
given in Fig. 10 do not form smooth curves, and for this reason, 
it is doubtful if equation (28) would represent the curves if the 
points were more consistent. It may be said that out of a 
large number of cases tried, equation (29) has been found to 
hold. For this reason, the latter equation is to be considered 
as the more probable one, to express the results. The follow- 
ing numerical equations express the results given in Figs. 10 


and 16. T is expressed in degrees cent. and J in milliamperes 
per sq. cm. 
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Fig. 7—Varnished cloth—Sample No. 1—J = 0.0085+3.1X 107° e1@? 


2 te : ores S No. 2—I =0.0084 + 2.2X107% e167 
Loreto « — “ No, 3—I=0.0084 + 2.710% 6187 
“ 16—Pressboard—Sample No. 1—100VPM—I = 0.0045 + 5.3 

< 10717 T5'9 
nO — “ No. 1—150 VPM—I = 0.0068 + 1.55 

10718 7875 
to e = “« No. 1—200 VPM—I = 0.0092 

J 427.3 X105" 13? 

at G— : = “ No. 1—250 VP M—I = 0.0117 


1.36% LO et 


The constant terms in these equations represent that part of 
the current which does not change with temperature. The 
second terms, however, are seen to increase rapidly with the 
temperature. These second terms represent weakening ef- 
fects in the insulation, which is finally broken down due to them. 
These terms, then, probably represent almost entirely energy 
current, which is seen to increase about as the 6th power of 
the temperature. Consequently, for large values of T the 
weakening effects increase very rapidly. At low temperatures, 
the weakening effects are not so of much importance as at the 
higher temperatures. These same effects are noted for power 
factors and losses. 

2. Power factor vs. temperature. Since the current can be 
represented as some constant plus a term to represent weaken- 
ing effects, due to increased temperature, it is natural to look 
for the same kind of a law to represent the power factor as a 
function of the temperature. Referring to Figs. 12 and 18, it 
is seen that the shape of the curves is similar to that of the 
current curves-showing the temperature effect. As a matter 
of fact, if P is the per cent power factor and T the degrees 


cent., then 
P= Ky + Kil” (30) 


for the curves given in Figs. 12 and 18. The numerical equa- 
tions for the curves in Fig. 12 on varnished cloth are: 
Shit OO C100 Eo 

7 No, 2—P 2 1 S06 Ose ls 

No. 3—P See x 10s i 
The curves shown in Fig. 18 are so nearly the same that the 
following equation represents an average curve through the 
points at the various temperatures: 


P=1.6 + 1.25x10" re” 


Sample No. .1—P 


oil 
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These equations hold nicely over the range tested, but they 
could not represent a curve extending from 0 to 100 per cent 
power factor for reasons pointed out in the section dealing with 
the voltage equations. These equations show that the weaken- 
ing effects, due to increase of temperature, are causing large 
increases in the power factors as well as in the magnitude of 
the currents. 

3. Watis vs. temperature. It would seem reasonable to 
multiply the current and power factor equations together at 
any constant voltage in order to express the watts as a function 
of the temperature. This would yield the desired equation 
but since the current and power factor equations are alike for 
the curves given in this paper, it is to be expected that loss 
equations will be of the same general form. This expectation 
is fulfilled, for if W is the watts per cu. cm. and T the degrees 
cent. as before, then 


W = Ki + KT” (31) 


The constant term represents the loss which does not change 
with temperature, while the second term is accounted for by 
the weakening effects due to the influence of temperature. 
The following equations show these effects to increase rapidly 
with temperature, and the curves in Figs. 8 and 14 represent 
the results graphically. 


Fig. 8—Varnished cloth—Sample No. 1—W = 0.020 + 6.8X 10-7615 


“«  8— i ela No. 2—W = 0.025 + 3.51078 75-5 
« 8— $ eo a8 No. 3—W = 0.020 + 9.7 X 10713 75:10 
“ 14—Pressboard—Sample No. 1—100 VP M—W = 0.0030 + 7.6 
' x<ol Ome ze 
“ 14— * — “No, 1—150 VPM—W = 0.0060 + 3.1 
< 1074 75-40 
« 14— 4 — “No. 1—200 VP M@—W = 0.0110 + 1.40 
1074 75:70 
“ 14— S — “No. 1—250 “ —wW = 0.0150 + 4.8 
X 1079 7405 


It should be stated that these equations do not fit the curves 
exactly, for at the higher temperatures, the equations give too 
low results. This tends to show that the temperature of the 
insulation was higher than that actually recorded, thus pro- 
ducing greater losses than indicated by the equations. The en- 
ergy dissipated in the insulation was sufficient for high dielec- 
tric losses to produce considerable heating effects. Now, these 


high losses occur at high temperatures and the rise of tempera- 
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ture of the insulation above that of the surrounding oil be- 
comes appreciable only at the higher temperatures, say above 
100 deg. cent. If this rise of temperature could have been taken 
into consideration, then it is probable that equation (31) would 
apply quite closely. Taking into account the deviations of 
the equations from the experimental curves, they seem to in- 
dicate that the rise of temperature of the test pieces above the 
surrounding oil was probably five or six degrees cent. This in- 
crease of temperature occurred during the time the potential 
was applied, which was not more than a few minutes in most 
cases. 

It is to be noted that exponent m for equation (31) is about 
equal to that for equations (29) and (30). The weakening 
effects, then, due to temperature, affect the current, power 
factor, and loss in the same way and they can be represented 
by the same general type of equation, thus showing the funda- 
mental nature of the effects due to temperature. 

(c) Moisture Equations. 

1. Current vs. per cent moisture. The general shape of the 
moisture curves shown in Figs. 25, 26, and 27 leads one to 
suspect that they are of the same nature as the temperature 
curves and that the same general form of equation ought to 
apply to both sets. It has been pointed out that there appears 
to be a noticeable increase in the power factors and losses at the 
lower voltages (50 volts per mil) for well-dried samples of press- 
board. At the higher voltages (200 to 250 volts per mil) this 
increase is not so noticeable as shown in the above figures. 
Consequently it is impossible for the general form of the tem- 
perature equations to apply exactly for moisture. Neglecting 
this peculiarity and considering the weakening effects due to 
the presence rather than the absence of moisture, the same 
general type of equation holds for both the temperature and : 
moisture effects. So that, if X is the per cent moisture ab- 
sorbed in the pressboard and J the current in milliamperes 
per sq. cm., then 

I = Ky + KX" (32) 
The numerical equations for the curves in Fig. 26 are 


At 27.6 deg. cent.—I = 0.0101 + 9.0 <10-8x*'” 

« 60.2 deg. cent.—I = 0.0105 + 9.9X10~-8x*” 

“ 85.4 deg. cent.—I = 0.0110 + BLU RO aS, Gage 
It is to be observed that these equations also show that moisture 
causes weakening effects in insulation in much the same way 
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that increase in temperature does. In both cases the values 
for the exponent are about the same, showing that weaken- 
ing effects increase even as much as the 5th or 6th power of 
the absorbed moisture. 

2. Power factor vs. per cent moisture. The general form of 
the equation representing power factor vs. per cent moisture 
is 

P = Ky + KX" (33) 
It is seen to be of the form (32). It holds only over a limited 
range, perhaps up to 85 per cent power factor. This shows 
that the power factor is changing in much the same way the 
current does. The following equations apply to the curves 
shown in Fig. 27: 


At 27.6 deg. cent.—P = 3.0 + 1.6510 >x*™ 


“ 60.2 deg. cent.—_P = 4.7 + 3.50X10 =x? 
“ 85.4 deg. cent.—P 6.0 + 3.05 X 1077.X3'30 
These equations show that the effect of moisture on the power 
factor is the same as the effect on the current. 
3. Watts vs. per cent moisture. The same form of equation 
also applies to the curves showing the dielectric loss vs. per 
cent moisture. That is, 


W = Ki + K2X* 


The same limitations are to be placed upon this, equation as 
were put on equation (32). The following equations apply to 
those curves given in Fig. 25: 

At 27.6 deg. cent.—W 


“ 60.2 deg. cent.—W 
“ $0.4 deg. cent.—_W 


ll 


0.035. + 1.45 X10-9x8% 
0.050 + 2.65 X 10-§x> 
0.061 + 1.25 X 10-5 xem 

These equations show that the losses increase rapidly as the 
quantity of absorbed moisture increases. All of the moisture 
equations show clearly the harmful effects produced by it, and 
it is essential to look closely into this matter in studying in- 
sulation which absorbs moisture. 

It may be said of the equations as a whole that the exponent 
n, and the constants, K; and Ko, are greatly affected by the 
voltage, temperature and moisture conditions. There does not 
appear, however, to be any definite relation between these quan- 
tities and the three variables dealt with in this paper. The 
equations reveal the fact that the nature of the increased con- 
ductivity is the same for both temperature and moisture. This 
lends strength to the belief that moisture may be responsible 


Il 
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for a large part of the phenomena observed. This is also further 
strengthened by the fact that the currents, power factors, and 
losses, increase many fold in the neighborhood of 100 deg. cent. 
and especially above this temperature. This temperature is a 
critical point for water at atmospheric pressure, but it would 
require over 100 deg. cent. to boil water in extremely small 
capillary tubes such as exist in porous insulation. If the 
moisture is entrapped in an insulation that is only slightly 
porous, then it could not be eliminated by evaporation so easily. 
Consequently, when the temperature of the insulation is, say 
125 deg. cent., the moisture may show decided increases in con- 
ductivity that do not show up below 100 deg. cent. Since most 
of the losses are due to the absorbed moisture it is reasonable 
to believe that they are to a great extent in the moisture itself 
rather than in the insulation. This means that the temperature- 
rise occurs in the former before it does in the latter. Not more 
than 12 cu. cm. of moisture existed in any of the test samples 
considered in this paper and for this reason the losses could ap- 
parently produce marked changes in the insulation. As a 
matter of fact, probably little change took place in the material 
itself and almost the whole change probably was due to 
“the increased conductivity of the moisture on account of 
the heating effects within it. It is advisable, therefore, to 
look carefully into the nature of the foreign material an in- 
sulation contains, whether this material be moisture or other 
harmful substances. The equations show that the weakening 
effects increase as the 5th or 6th power of the temperature 
and moisture. So that, if the moisture is present-to only a few 
per cent, these effects become excessive and the increase of tem- 
perature magnifies them still more. With such an unstable 
condition of the insulation as here indicated, it is to be expected 
that the effective temperature of the insulation, for high losses, 
will be higher than recorded by a thermometer placed under the 
oil against the test terminal. For this reason the equations may 
not hold exactly over the whole range for the various curves. 
Considering everything, the equations represent the results as 
well as one can desire. As a whole, the results point to a con- 
ductivity of an electrolytic nature. 

There are many other things to which attention might be 
given, but this will not be done in the present paper. It is to 
be hoped that in a future paper further results of the work 
on dielectric losses, especially regarding the effect of frequency 
on them, may be given. 
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Accuracy of Results. It willbe well to devote a short space to 
the consideration of the accuracy of the results given in this 
paper. Both the current and voltage can be measured to 
within one or two per cent, but the largest error is introduced 
by the measurement of the minor axes, b’, of the ellipses on the 
photographic plates. Referring to the illustrations in Plate CXI, 
it will be seen that no great difficulty would be encountered in 
measuring b’ for illustrations 3, 4,5 and 6. The measurement 
of b’ for photographs 1 and 2 might be in error as much as five 
per cent. If one desires to check the measurements given in 
the paper for these illustrations, he may do so in order to see 
how accurate the measurements can be made. Experience in 
making these measurements will be found valuable. It should 
be said that the measurements can be made on the originals with 
a greater precision than on these reproductions. For low power 
factors, as shown in the first two illustrations, each point for 
dielectric loss may be in error by V12X2? + 52=5.5 per cent, 
One, two, and five per cent are used, respectively, for the errors 
due to voltage, current, and power factor measurements. When 
points for a curve are taken it is probably true that a point taken 
off an average curve will not be in error by more than about 2.5 
per cent. Certainly, with the larger power factors this precision’ 
can be obtained with the cyclograph. An accuracy of the cyclo- 
graph equivalent to this is quite satisfactory for the kind of work 
to which this apparatus is adapted. 


V. CONCLUSIONS 

The following conclusions are arrived at as a result of this 
investigation on dielectric losses: 

1. The successful application of the cyclograph in determin- 
ing dielectric losses in insulations is amply demonstrated. by 
the results given in this paper. 

2. For good insulation the current should vary directly as 
the applied voltage. If the current increases more rapidly 
than this, it will show weakening properties. 

3. The dielectric losses vary over wide limits, depending on 
the conditions of the tests and the nature of the insulations. 
The losses show clearly the electrical value of an insulation. 

4. The results given in the paper show that the power factor 
of insulation may vary from about 2 to 99 per cent. The 
nature of the insulation and the conditions of the tests determine 
its value. 
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5. It is shown that the watts do not vary as the square of 
the voltage, but may vary from the 1.32 to the 2.52 power of 
the voltage. 

6. The weakening effects in insulation, as shown by the 
dielectric losses, power factors, and currents, may increase as 
much as the 5th or 6th power of the temperature. 

7. The weakening effects in pressboard, and very likely 
other water-absorbent insulations, may also increase as much 
as the 5th or 6th power of the per cent absorbed moisture. 
When the free moisture is above 3 per cent the weakening ef- 
fects due to its presence are quite pronounced. 

8. Empirical equations are derived that will express the 
dielectric losses, currents, and power factors, as functions of 
the voltage, temperature, and absorbed moisture. 
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Discussion ON ‘‘ AN INVESTIGATION OF DIELECTRIC LOSSES 
WITH THE CATHODE Ray Tuse” (Minton), DEER PARK, 
Mp., Juty 2, 1915. 


H. W. Fisher and R. W. Atkinson: I believe the company 
with which the writers are associated was one of the first in this 
country to make extensive experiments relative to dielectric 
losses in cables and insulating materials. 

After receiving valuable suggestions from the Bureau of 
Standards, special apparatus was designed for this work, which 
in connection with a vibration galvanometer was found to give 
very satisfactory results in determining dielectric losses, power 
factors, a-c. capacitance, etc. With this apparatus, varnished 
cambric manufactured by different companies was tested and 
power factors obtained at ordinary temperatures ranging 
between 4 and 20 per cent. A special apparatus was designed 
by means of which single thicknesses of insulating materials 
could be tested and also another apparatus in which the dielec- 
tric properties of insulating compounds could be determined. 
Later a Rowland dynamometer was adapted as avery sensitive 
wattmeter, for measuring energy losses at high voltages. ; 

Experimental cables, made with varnished cambric of high die- 
lectric loss, when subjected to excessive voltages, gradually be- 
came hotter and hotter until burn-outs occurred, whereas 
similar cables made with material of small dielectric loss ‘and 
subjected to the same test, scarcely became warm. 

Many different tests were made and the results carefully 
investigated in order to determine the best materials to use and 
the best methods of treatment of different dielectrics, etc. Some 
of the results of these tests have appeared in one or more papers 
presented by the authors at previous meetings of the A. I. E. E. 
A careful study of the results of all these experiments made on 
a great variety of materials manufactured or treated in different 
ways showed how dielectric losses can be reduced to a minimum, 
thereby insuring serviceable and efficient manufactured products. 

Referring once more to the paper of the author, we find that 

the tests given were made on samples of varnished cloth and press- 
board. As we have had no experience with the latter material, 
our comments will refer to tests of varnished cloth, dry paper 
as used in telephone cables, and saturated paper as used in 
electric light and power cables. 
_ After carefully examining the results of the author’s exper- 
iments on different samples of varnished cloth, we find that these 
are practically in agreement with tests made by us. The power 
factor of cables insulated with varnished cloth does not change 
appreciably with increase of voltage up to the operating voltage 
of the cable. As the voltages are increased above this point a 
slight increase in the power factor takes place, the rate of in- 
crease becoming greater as the voltage approaches the point of 
rupture. 


We also find that the power factor increases with rise of 
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temperature in somewhat the same way as shown by the author 
in Fig. 12. It should be borne in mind that in the case of var- 
nished cloth, lower power factors can be obtained by the appli- 
cation of high temperatures for a long time, but such a treat- 
ment if carried to excess injures the mechanical properties of 
the cloth, thereby making the cables more liable to injury from 
bending during the process of installation. 

We have found that the capacitance of varnished cloth cables 
does not appreciably change with voltage or temperature up 
to the point where a marked change occurs in the power factor. 
By the use of the term capacitance we mean the capacitance as 
measured by a-c. method and not that as usually measured by 
the discharge deflection galvanometer method. The apparent 
capacitance as measured by the latter method increases very 
rapidly with rise of temperature. 

In the case of dry core telephone cables the percentage of 
moisture in the paper may very much affect the insulation re- 
sistance, and the apparent electrostatic capacity, and the tem- 
perature coefficients of these. A statement of the amount of 
moisture contained is somewhat arbitrary, because further mois- 
ture can always be eliminated from dry paperin any condition, 
until complete charring is reached. Our results on this material 
are, in general, similar to those given in Figs. 26 and 27 of the 
paper, except that any increase in moisture produces some 
increase in capacitance and in power factor. However, as 
shown in these curves, the effect upon these properties is very 
slight for a small amount of moisture and the effect is much less 
at low temperatures than at high. One half of one per cent 
moisture in the paper of any cable does not increase the apparent 
capacitance much above that of the same cable where the amount 
of moisture has been eliminated as far as possible without char- 
ring the paper. As the percentage of moisture becomes greater, 
the apparent capacitance increases at a greater and greater rate 
at ordinary temperatures, and becomes excessive at high tem- 
peratures. The true capacitance also increases with increase 
of moisture and temperature, but at a much less rate. The 
effect of moisture as shown in our tests on dry paper is also 
similar to the data given in Fig. 27, except that the power factor 
at low temperatures is lower for dry paper and there is no dip 
in the curve. We have, however, found, in tests made on many 
compounds, that there isa temperature at which the power 
factor is a minimum. 

In the case of saturated-paper-insulated cables we have 
found that the power factor and capacitance vary with voltage 
and temperature in much the same way as already shown in the 
case of varnished cloth, the principal difference being that the 
power factor of paper-insulated cables at low temperatures 1s 
very much less than that of varnished cloth. Of course, the 
materials used and the method of treatment, both in the case 
of varnished cloth and of paper, very much affect the absolute 
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value of the power factor, but without influencing the general 
characteristics just described. The general effect of moisture in 
saturated-paper-insulated cables is similar to that described by 
the author for treated pressboard. 

We have found that dielectric loss in some few cases measured 
at low temperatures varies directly with frequency, whereas at 
high temperatures where the loss has been considerable, there 
is slight variation with frequency. These results were obtained 
from tests within the limits of 25 and 60 cycles. 

The importance of dielectric loss lies in the fact that it pro- 
duces heat and thus still further increases the temperature of 
the cables. This is most serious at high voltages, because for 
the same power factor, the energy loss is then so much greater. 
The Institute Standardization Rules take account of this by 
allowing different limiting temperatures for cables operating at 
different voltages. 

A. S. McAllister: The author states that the loss varies with 
a power of the voltage ranging from 1.3 to 2.5. The loss 
should be expected to vary at some power of the voltage not less 
than 2. It is not improbable that the tests at higher voltages 
were made on materials physically different from those used in 
the tests at lower voltages, the change in the character of the 
material being brought about by the increased temperature. 
If as the temperature is increased the conductivity of the ma- 
terial decreases the loss will vary at a power of the voltage less 
than 2. If, however, the conductivity increases with increas- 
ing temperature, the loss will vary at a power of the voltage 
greater than 2. I should like to ask the author if the change in 
conductivity with change in temperature has any bearing on 
the cases reported by him. 

John P. Minton: That point is explained in the paper. 

W. I. Middleton and C. L. Dawes: Mr. Minton has, we be- 
lieve, underrated the information obtainable from low-voltage 
d-c. measurements of the resistance and of the capacity of insu- 
lating materials. In connection with cables we have found in 
many cases that the insulation resistance drops materially after 
the insulation has been subjected to electrostatic stress, especially 
if the stress is carried near or to the breakdown point. We 
have found that the ability of the insulation to recover its initial 
resistance is a means of determining as to whether it has been | 
permanently injured by over-stress or not. Certain high grades 
of insulation show no appreciable drop in insulation resistance 
after being subjected to high stress. These facts are borne out 
to a certain extent by Figs. 7 and 13 in the paper, where the total 
loss increases faster than the voltage squared. The hysteresis 
loss is of course included in the losses as shown in these figures 

We have further found that the d-c. capacity increases with 
stress and also if a high condition of stress is reached, the capacity 
may not return to its initial value. Similar results are shown 
by the author in Figs. 15 and 23 where the current increases 
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faster than the voltage and alsoin the statement of conclusion 2 
by Mr. Minton. These effects have a very important bearing 
upon cable testing, for by the insulation and capacity measure- 
ments, too severe testing of the insulation can be detected. 

In Tables I and II are given data illustrative of these effects. 


TABLE I—WIRES SHOWING RESULTS OF STRESS. 
MEGoHMsS IN 1000 FT. 


Before | 2500 5000 5000 
Test | Feet | volt- volts volts After volts After 
No. age 1 min.) Imin.| 2hr. | 5 min. | 2 hr. 


1 1562 | 14,500 | 14,500 | 7,500 | 11,500 
2 1547 | 22,000 | 22,000 | 16,000 | 18,000 
3 3150 | 7,500 | 7,500 | 6,000 | 7,000 | 5000 5000 
4 1740 | 15,000 | 15,000 | 6,500 | 10,000 750 | 2500 
5 2402 | 15,000 | 15,000 | 7,500 | 10,000 | 2500 3500 


Megohms in 

Break- | 1000 ft. after 

down repair, 4000 

volt- volts, one 

age min. 
6 3560 | 4,800 4620 13,000 4400 
Uf 1425 3,500 3440 12,000 4470 
8 2350 | 9,000 9015 15,000 8425 
9 2750 | 7,660 7660 15,000 9150 
10 2400 2,950 4 2740 7,500 2810 


TABLE II—WIRES SHOWING RESULTS OF STRESS. 
MICROFARADS PER 1000 FT. 


Before volt- |After 5000 volts 


Feet age test for 1 min. 
3150 0.126 0.130 
2176 0.146 0.150 
2470 0.130 0.134 
2925 © 0.1380 0.133 
2775 0.120 0.124 


In impregnated paper cables, high insulation resistance and 
high dielectric strength rarely occur simultaneously. A high 
insulation resistance may mean a low degree of impregnation 
and consequently low dielectric strength. This is due not only 
to insufficiency of insulating compound, but to the fact that the 
dry paper is more or less brittle and becomes injured mechanically 
_with handling. An increase in the amount of impregnating 
material may reduce the insulation resistance but increase the 
dielectric strength of the cable. Thus it can be seen that con- 
siderable information is obtainable from low-voltage measure- 
ments. 

As a matter of interest to ouirselves we have measured insula- 
tion losses upon commercial lengths of cable by means of a 
portable wattmeter. The current coil was connected in the 
ground lead going to the sheath and the voltage was stepped 
down by means of a potential transformer. The inductance 
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of the potential coil of the instrument was made negligible by 
connecting a high non-inductive resistance in series with it. 
Although we did not know the phase angle of this particular 
potential transformer, the maximum error from this source, 
computed from the phase angles of similar transformers, did not 
exceed 5 per cent. We soon expect to be in a position to check 
these results by another method. Of course, this method would 
not be applicable to the small samples tested by Mr. Minton. 

F. W. Peek, Jr.: Mr. Minton’s paper shows clearly the great 
importance of thoroughly drying and removing occluded air 
from insulations before putting them into apparatus; the impor- 
tance of operating at moderate temperature; and the necessity 
of keeping apparatus free from moisture. The chief use of loss 
measurements in practise is to check the condition of the insula- 
tion before it is put into use. 

It may be of interest to compare the mechanism of loss in 
gaseous, liquid and solid insulations.* 

In oil, and particularly in air, there is very little loss until local 
breakdown is reached. The loss in brush discharge or corona 
then increases directly as the square of the excess voltage above 
the critical voltage. With solid insulations, loss appears as soon 
as voltage is applied. The loss may be due to: 

(1) The so-called dielectric hysteresis or lag of the flux behind 
the e. m. f. due to some molecular action. 

(2) The loss due to conduction. Practically all solid insula- 
tions absorb moisture to a greater or less extent. The capillary 

: tubes and microscopic interstices, etc., in the 

- structure become filled with moisture and 

% gases. In the non-homogeneous structure 

; this makes a complicated arrangement of 
Fic. 1 capacities and resistances in series and in 
multiple, as shown diagrammatically in Fig. 1. 

The losses due to (1) should vary as the square of the voltage 
and approximately as the frequency. 


Pis= 1s ¢ 


The losses due to (2), Fig. 1, a, vary as the square of the voltage 
and approximately as the square of the frequency when the 
resistance is small and constant. 

Thus 


Pr Zale 
The loss due to (2), Fig. 1, 6, must vary as the square of the 


voltage, if the resistance remains constant, but is independent 
of the frequency. 


ps = @3 e 
The total loss may then be made up of a number of components 
thus: 
bPehtht+hpaneft+toaefP+ ae 


*Por more extensive data, etc., see Chap. VII, ““‘D 


pies ielectric Phenom- 
ena in High-Voltage Engineering”’. 
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In poor insulation, or in insulation containing moisture, the loss 
may increase at a greater rate than the square of the voltage, as 
_the resistance will decrease with increasing voltage. 

In homogeneous insulations in good condition the last two 
terms are small and the expression for loss becomes 


p=aef 
and for certain insulations 
p=ae(ft+c) 


I believe that the deviations from the square law in Mr. 
Minton’s paper are due to the conditions of the insulation. 
From examination of a considerable number of experimental 
data obtained by myself and others I have found that: 


p=aef 


is generally followed, or, putting this in the gradient, g kv./mm., 
in place of e, 


pb = b g* f 10 watts per’cu. cm. 


At 25 deg. cent. 6 is 


2 to 15 for oiled pressboard—depending upon the quality or kind. 
5 for glass. 
7 to 10 for varnished cambric. 


The values for varnished cambric were obtained for 60 cycles 
and 40,000 to 100,000 cycles. The values at the high frequencies 
were calculated from measurements made by Mr. Alexanderson.* 
These values follow very closely the square law. 

The loss and, therefore, b, increases approximately with increas- 
ing temperature in the form 


b= ki" 


where ¢ is the absolute temperature in deg. cent. 
For varnished cambric 


biel A108 
or 
p= le oe 10, watts/ cu. cm. 


*Proceedings Radio Engineers, June, 1914. 
“Dielectric Phenomena in High-Voltage Engineering’’, pages 185-187. 
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In some cases for insulations like varnished cambric I have 
noted that the equation sometimes takes the form 


p=b¢(ft+e) 


Charles L. Fortescue: Mr. Minton’s paper is an example of 
the tendency to consider the problem of insulation in a scientific 
spirit. It is only in recent years that it has dawned on the minds 
of engineers that the problem of insulation is a subject that is 
capable of scientific treatment, and that good results will be 
obtained by considering it in this spirit. I may say that Dr. 
Ryan mentioned today an example of applying a simple principle 
of insulation to the problem of insulating apparatus for high- 
voltage testing, and he informed me that he had a great deal of 
trouble before applying this principle; but that after he had ap- 
plied it he had no further trouble. It is necessary, however, in 
order to take full advantage of insulating materials, to determine 
their dielectric properties, and this is what Mr. Minton is show- 
ing us how to do. There are other methods of measuring the 
losses in insulation that are equally as good as far as commercial 
results go, but the advantage of this particular method seems to 
me to lie in the fact that it presents us with a graphic record of 
the test in the form of a Lissajous figure which may be an ellipse 
or something else. It occurred to me that we could obtain the 
analysis of current and e.m.f. from the Lissajous figure by 
applying a method similar to those which Mr. Chubb has brought 
out in some articles recently in the electrical journals, and an 
actual analysis of the operation of the dielectric could then be 
obtained. 

By the method outlined in the paper we are enabled to deter- 
mine whether any changes take place in the dielectric properties 
of the material during the cycle, which is a, very important point. 
On account of its lack of inertia, the cyclograph may be used to 
determine the action of dielectric materials at very high fre- 
quencies, which, in connection with the effect of distorted waves 
on insulation, is a subject which has been given but very little 
consideration. It is very interesting to note that the dielectric 
losses may be expressed in terms of moisture and temperature 
by a very simple equation. 

Mr. McAllister brought up the point that in his opinion the 
dielectric loss should be proportional to the Square of the volt- 
age. I do not think there is any reason for this assumption. 
The dielectric loss will not depend upon resistance in the true 
sense. When we talk of the a-c. resistance in the dielectric, 
we are simply using an expression based on the voltage component 
in phase with the current, and the actual loss may consist of a 
molecular loss which is due, one might say, to the polarization or 
displacement in the molecule itself, that is, toa change in the con- 
figuration of the electrons, but there is no reason to suppose that 
the loss due to any change in configuration is directly proportional 
to the square of the voltage. 
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_ W.C.Arsem: The subject of dielectric loss is assuming more 
importance as engineers are beginning to recognize its bearing 
on the quality of insulating materials. It is now realized that 
many failures of insulation are due to the cumulative effects of 
dielectric loss. If insulation be used under conditions such that 
the rate of dielectric loss, as heat, is greater than the rate of 
dissipation of heat by conduction and radiation, the temperature 
will rise. But the dielectric loss increases with rise of tempera- 
ture, so that the insulation keeps getting hotter until it is melted, 
charred or punctured. 

Mr. Minton is to be congratulated upon having perfected an 
apparatus by which a full set of measurements may be made ina 
short time.~ I hope full advantage will be taken of this apparatus 
and method to secure some accurate data on dielectric losses in 
pure and easily reproducible materials, such as mica, glass and 
oils at different frequencies, voltages and temperatures, and also 
different thicknesses of insulation. Such data would help to 
establish some theory of dielectric loss which would correlate 
all known phenomena and facilitate the improvement of insulat- 
ing materials. 

The theories that have been proposed to account for the prop- 
erties of imperfect dielectrics fall into three general classes: 
First, the inhomogeneity theory of Maxwell, according to which 
an imperfect dielectric is assumed to be made up of portions 
having different dielectric constants and specific resistances. 
Second, the hysteresis theory which is based on the view that 
the dielectric displacement is not determined by the instantan- 
eous value of the applied potential, but depends upon the previous 
history of the dielectric. The behavior of an imperfect dielec- 
tric in an electric field is not exactly analogous to that of ironina 
magnetic field, for in a dielectric the final value of the displace- 
ment remains proportional to the potential, except that there 
is a time-lag. The loss per cycle in a dielectric, moreover, de- 
pends on the length of the cycle. A theory of viscous hysteresis 
has been developed by Pellat, in France, and von Schweidler, in 
Austria, which has been applied with some success in special cases. 

The third theory advanced is the ionic theory. It assumes 
that in a perfect dielectric there is no conductivity in the ordinary 
sense, but only a practically instantaneous displacement of one or 
more electrons in each molecule when a potential difference is 
applied. In an imperfect dielectric, however, there are also ions 
of molecular dimensions resulting from the dissociation of the 
dielectric itself or impurities. These ions are responsible for 
residual charges, dielectric losses and the apparent variation of 
the dielectric constant with frequency. 

The ionic theory is rapidly gaining favor, and to my mind is 
the most likely to prove correct. 

In reference to Mr. Peek’s remarks, just before his closing, it 
might be supposed from what he said, that it had been estab- 
lished that the loss depends upon the frequency and is in exact 
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proportion to it, but I do not believe that any results have been 
obtained yet which prove it conclusively. In fact, some data 
which have been obtained very recently in research work show 
that the relation is not linear. Theionic theory would indicate 
quite a different relation. 

H. J. Ryan: The cathode ray tube has two familiar traits 
that are virtually its own: (1) Tracing cyclograms that furnish 
wave forms, cyclic energies, and power factors. (2) Condensers 
are employed exclusively for the voltage and current controls. 
In most work these control condensers are comparatively in- 
expensive and free of frequency and resistance errors. The 
tubes may, therefore, be used for indicating values at high 
voltages and sustained high frequencies, or at the highest 
frequencies in steadily recurring transients. By these two 
traits the cyclograph offers special advantages for the measure- 
ment of small powers applied at high voltages over the widest 
range of frequency. It has been found quite feasible and con- 
venient to use the cyclograph without changing any of its adjust- 
ments to measure the voltage, current and power factor employed 
in corona formation about the same conductor at 60 and again 
at 180,000 cycles. 

When we began to use high-frequency sources for experi- 
mental work and study, in our laboratory, we were distressed 
to find that it was difficult to provide insulating supports for 
the main electrodes carrying voltages of 50,000 and more. The 
conductors, a half inch in diameter and more, delivering such 
voltages, when supported on glass rods, glass or porcelain in- 
sulators or insulators of the usual refractory materials that 
might be employed, would cause such insulators to crack and 
fall to pieces. For the time being, cotton threads were the only 
enduring insulators and these conductors were thereby supported. 
That, of course, was very unsatisfactory. Then it occurred to 
us that the Fortescue-Farnsworth principle brought out beauti- 
fully in their paper and a demonstration of which I had witnessed 
in Mr. Fortescue’s laboratory with high voltages at 60 cycles 
was even more available at these higher cycles. By this prin- 
ciple, we eliminated the atmosphere that causes Over-stresses 
substituting all such atmosphere with solid dielectric: By the 
use of this principle every source of trouble in supporting con- 
ductors carrying high voltages at sustained high frequency 
completely disappeared. There should be no great difficulty 
in providing insulators for delivering, in so far as there will be 
occasion to deliver, the higher voltages at the higher frequencies 
_R.P. Jackson (by letter): Mr. Minton’s paper verifies sim- 
ilar data obtained in an entirely different way. Fig. 21 gives 
curves of power factor of oil-treated pressboard at different 
temperatures and voltages. The rise of power factor with 
temperature is perfectly natural, and is generally characteristic 
of most insulation, The falling of power factor with rise of 
voltage, however, is not characteristic of all insulation and is 
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a feature which was hard to believe when betrayed by our own 
investigations. For that reason, the data were taken over several 
times to verify the fact. The results remained the same, how- 
ever, and the next problem is to find an explanation. In general, 
insulation having leakage has something of a coherer character- 
istic which causes apparent drop of resistance with rise of voltage, 
with consequent increase of losses more rapidly than the square 
of the voltage. Insulation having losses rising more rapidly 
than the square of the voltage, therefore, has a normal and 
readily explained loss and power factor curve. When the losses 
rise less rapidly than the square of the voltage and with a falling 
power factor with rise of voltage, there is evidently some polar- 
izing element which is difficult to explain. Incidentally, this 
feature is highly desirable in insulation. We should like to 
know if any physical or chemical explanation has been offered, 
covering this feature. 

H. W. Fisher: In the discussion by Professor Dawes and 
Doctor Middleton, the statement is made that in testing certain 
cables there was a great difference in the insulation resistance 
before and after the high-voltage test. I would like to ask 
Mr. Dawes what kind of insulation was used in the cables tested. 
We are meeting specifications which require that the insulation 
resistance before and after the voltage test shall differ by only 
a small amount. In wires insulated with certain kinds of 
material there might be a change in the insulation resistance 
before and after the voltage test, but in the case of saturated- 
paper-insulated cables, when tested at from two anda half 
to three times the working pressure, the insulation resistance 
test made after the application of high voltage would be practi- 
cally the same as that made before, provided the temperature 
of the cable has not changed during the application of high 
voltage. This may occur if the high-voltage test lasts for half 
an hour. 

Chester L. Dawes and W. I. Middleton: In each of the in- 
stances cited the insulations were thirty per cent rubber com- 
pounds. The insulations that show such decided drops in 
resistance were low-voltage compounds not designed for the 
voltages to which they were subjected. Consequently, they 
were overstressed. On the other hand, the insulations which 
showed little or no drop in resistance were made of our high- 
tension compounds, designed to withstand high voltages without 
becoming overstressed. Both contain the same proportion of 
Para rubber (30 per cent), but the different characteristics are 
due entirely to the proportionate amounts of mineral ingredients 
added. 

Clayton H. Sharp: It seems to me it is very important, for 
the general utilization of the details Mr. Minton has developed, 
to have certain means of exciting the tubes. Mr. Minton refers 
to a number of means in his paper. I think if we could hear a 
little more of the most practical way of doing it that it might be 


interesting. 
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C. W. Davis: The loss of energy in the dielectric is, as Mr. 
Minton has said, an exceedingly important matter and knowledge 
of it is necessary for the proper use of insulating materials. There 
are so many factors entering into the problem of insulation that 
this particular factor, viz., energy loss, may, and sometimes does, 
receive undue weight. Enough is known of insulating materials 
at the present time to permit of the selection of insulating ma- 
terials of low energy loss which are more or less suitable for any 
given purpose. To find the material that is exactly suitable is 
a different problem and the material which is exactly suitable 
under one set of conditions is anything but suitable under another. 
It is doubtful if there is any one material that will answer in the 
fullest degree all of the requirements, even ina relatively limited 
field of manufacture such as high-voltage cables. A cable that 
is laid in winter has very different demands upon the insulation 
than one laidinsummer. A cable required for operation in very 
hot ducts will have to operate on a different portion of the 
temperature-energy loss curve than a cable laid under water. 
Material of relatively high energy loss may at times be the only 
logical selection where some other desirable physical character- 
istic becomes the controlling factor. 

It is not obvious from reading the description of the improved 
form of Professor Ryan’s power-factor indicator and the method 
of using it, why Mr. Minton should have preferred this method 
to that of the electrostatic wattmeter. To be sure, the latter is 
more or less troublesome to handle. However, it would appear 
to require much less space than the apparatus here described. 
An additional advantage of the electrometer is that it is direct 
reading. It is possible to build electrostatic instruments for 
measuring small losses in insulating materials which with air 
insulation at atmospheric pressure can be used in measurements 
up to 20,000 volts. With compressed air or gas as suggested by 
Rayner, and used by Tschernyschoff (#.T.Z. June 4, 1914, 
page 656), or with oilinsulation, the measurements may be made 
at much greater voltages. Even low-voltage electrometers may 
be used with air condensers as potential dividers and while more 
troublesome are perhaps justifiable where more accurate results 
are desired. Besides, it would seem possible by superimposing 
an electric field upon the moving element, in the manner used by 
Fortescue*inthecondenser terminal, to so largely reduce the stress 
at the edge of the needle as to overcome the difficulty from corona, 
though the consequent loss of pull on the needle would have to 
be compensated for by largely increased sensitivity. 

Bridge methods have also been used with success up to 10,000 
or 20,000 volts. Monash (Annalen der Physik, Vol. 22, 1907, 
page 905), succeeded in using a series bridge method success- 
fully up to 12,000 volts. But the difficulties met with by 
Monash at high voltages are very considerably reduced in other 
bridge arrangements. 

In the laboratories of the company with which the writer is 


* Trans, A, I, E. E. 1913, Vol. XXXII, Part I, p. 893. 
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connected we have made use of bridge methods for examining 
insulating materials for a number of years past (TRANS. 
A. I. E. E., 1907, Vol. XXVI, Part II, page 997), and more 
recently have made use of the Rowland dynamometer up to 
100,000 volts and the electrostatic wattmeter up to 20,000 volts 
for measurements of the same general type as described by 
Mr. Minton. 

- The peculiar behavior of insulating material such as that noted 
in Fig. 21 of Mr. Minton’s paper has been noted by us with oil- 
impregnated paper in one or two instances. The falling off of 
power factor with increased stress, however, is much less marked 
than with the material here referred to. The decrease of power fac- 
tor with increasing stress was, however, asin Fig. 21, more marked 
at high temperatures than at low temperatures. So exceptional 
were these results that we have felt inclined to suspend judg- 
ment as to their credibility until we received further evidence. 
Mr. Minton’s confirmatory results are therefore of much in- 
terest to us. : 

John P. Minton: Inregardto Messrs. Fisher’and*Atkinson’s 
discussion, they have taken up a number of examples that I 
intended to give, but neglected to do so on account of the length 
of the paper and the amount of material I had to present. I 
am glad, however, that these things have been brought ‘up in 
connection with this discussion. They refer to the amount of 
moisture that an insulator contains, and I believe say that 
the results are more or less arbitrary, depending on the actual 
moisture present. The moisture I have dealt with in the paper 
is free moisture and not combined. You can eliminate the 
combined moisture by heating to a sufficiently high temperature 
to cause charring effects. That part of the moisture I have not 
considered at all, simply the free moisture which exists in the 
insulation, and which was determined with sufficient accuracy 
as described in the paper. Messrs. Fisher and Atkinson also 
referred to some results they had at 30 and 60 cycles. . Results 
I have taken from 30 to 420 cycles show some very interesting 
facts. Later I hope to be able to publish some of these results. 

Mr. Dawes said that I apparently underestimated the im- 
portance of steady potential effects. These effects I have not ° 
gone into in the paper, because the a-c. phenomena are far in 
excess of any d-c. effects that I noticed. I do not wish any- 
body to think we have underestimated anything whatever, be- 
cause my experience has taught me not to underestimate any 
phenomena until they have been subjected to test. 

Mr. Peek referred to the mechanism of dielectric conduction, 
the effects of frequency, and breakdown voltage, etc. These 
effects I have gone into, but on account of the length of the 
paper I left them out, hoping some one else would bring them 
up. The results that I have, showing the influence of frequency, 
however, will bring out certain effects which Mr. Peek spoke 
of as to the combination of capacities and resistances, and will 
also bring out the effect to which Mr. Dawes referred. 
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Mr. Fortescue inquired about the deflection being directly 
proportional to the voltage for the current deflection. He 
speaks of it as a velocity deflection. 
That is what Mr. Ryan referred to 
in his first paper in 1911. What I 
have called the current condensers he 
called velocity condensers. The way 
that comes about is this. Referring 
to Fig. 2, herewith, the instantaneous 
voltage, e, applied to the system is e 
= Esin wt. The instantaneous cur- 
rent passing through the current 
condensers ist = Isin (wt + 6). Now 


RiGee 


a = Iw cos (wt + 6), and the voltage, e¢, across the air 
current condensers is proportional to and in phase with this 
rate of change 7. The deflection of the cathode ray stream is 


equal to some constant multiplied by e, or by cae For this 


reason Prof. Ryan has called velocity deflection and velocity 
‘ condensers what I have called current deflection and current 
condensers. 

He also refers to the square law as not necessarily something 
to be accepted. I have referred to that in my paper, and have 
taken it up quite fully, so that anybody should be able to appre- 
ciate the conditions under which we are working. It is not nec- 
essary, then, to explain that any more. 

Mr. Arsem suggested the necessity of getting data on pure 
materials, with different thicknesses, and has also referred to 
the various theories that have been proposed. These theories 
I do not wish to consider at this time, because I do not wish 
to suggest any theory until I have a sufficient amount of data 
on which to base it. The results on pure materials:are very 
necessary, but for the present the manufacturers and engineers 
desire results on actual materials used. 

_ Ido not think it is necessary to amplify or make any remarks 
in connection with Prof. Ryan’s statements. I appreciate all 
of them even more than most people do. 

Dr. Sharp has asked about the most practical way of exciting 
the tubes. The most practical way, so far as I know, is the 
method I have been using. This is a mechanical commutator 
which rectifies the peaks of the waves. I have used the com- 
mutator up to 30,000 volts—it is a small commutator made of 
fiber, with short brass segments at four equal points on the 
perimeter. That has not given me any trouble whatsoever 
and it takes only a few seconds to start the tube. It is a simple 
and a convenient thing to use. I look favorably upon the 
kenotron developed by Dr. Dushman, but I have not had a 
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sufficient amount of experience with it to recommend it. There 
are other methods of exciting the tubes, but there are none of 
them which I consider as practicable as the mechanical com- 
mutator or the kenotron. Personally I prefer the mechanical 
commutator to all the others. 

Several of the speakers have referred to the use of the dyna- 
mometer and the electrostatic wattmeter for measuring dielectric 
losses in insulation. It would seem that some of them cannot 
understand why the cyclograph method should have been pre- 
ferred to these other two methods. For this reason some 
further remarks seem to be necessary. With regard to the 
ordinary electrostatic wattmeter, it may be stated that its 
use is out of the question for this work, for we wish to make 
measurements up to 200,000 volts or more. Furthermore, 
the method is not free from frequency errors, and reliable 
results cannot be obtained at the high frequencies. If oil 
insulation is used the greatest care must be exercised to prevent 
the oil from becoming unreliable through absorption of moisture 
or becoming mixed with other harmful foreign matter. It is 
difficult for me to feel certain of the accuracy of the results if 
any insulation other than air is used for work of this nature. 
With air one does not encounter frequency and resistance 
errors. With regard to the dynamometer, I may say this 
instrument has been in use in the Pittsfield laboratory for some 
time. I have made check measurements with the dynamometer 
and the cyclograph, and the agreement is satisfactory, being 
within a few per cent. It is necessary to make the check runs 
on test samples under exactly the same conditions. The 
dynamometer, however, is far from being satisfactory for low 
power factors, and cannot be used for measurements with any- 
thing but the ordinary frequencies, such as 60 cycles. It does 
not read direct and requires frequent calibration. It is no 
more convenient to operate than the cyclograph. If one wishes 
to make measurements up to very high voltages (200,000 to 
500,000 volts) and at various frequencies up to say 108 cycles 
per second, he could hardly expect to make use of any apparatus 
other than the cyclograph. Since a study of insulation when 
subjected to high-frequency potentials is becoming of much 
importance, it is well to have apparatus such as the cyclograph 
to make use of. 

Another important factor is the study of the effects in in- 
sulation produced by waves of various shapes, as well as the 
distortion in wave shape produced by the insulation itself. 
The graphic method of the cyclograph fulfills this requirement 
nicely. For these and other reasons I have preferred to use 
this apparatus in the work along the lines laid down in the 
present paper. 

There has been no criticism of the results I have given. Every- 
one seems to be satisfied with the accuracy of them, and with the 
information which this method allows us to obtain. 
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CLASS RATES FOR LIGHT AND POWER SYSTEMS OR 
TERRITORIES 


BY FRANK G. BAUM 


ABSTRACT OF PAPER 


The author offers arguments in support of the principle of 
establishing uniform rates throughout a system or territory for 
different classes of service. In establishing the rates he segre- 
gates the services into eight different classes and divides the 
rates into energy and demand charges; the energy charges 
being those charges which increase with the kilowatt-hours 
supply and the demand charges being proportional to the peak 
demands of the different classes. 

By establishing similar rates for similar services throughout 
a territory any appearance of discrimination is avoided and a 
sliding scale of rates will take care of quantity consumption. 


N analyzing the load of a large system into classes we try 
to determine the relative facilities demanded by the different 
classes as a whole. In doing this we try to consider all the 
classes of the system as though each class were supplied asa 
whole from a common substation busbar through one kilo- 
watt-hour meter and one demand meter, for each class as shown 
in Fig. 1, which is presumed to be the condition for the loads 
of the six classes shown in Fig. 2. 


ANALYSIS INTO CLASSES 


An examination of the load curve of a power system and a 
comparison of this curve with the load curves of the different 
substations shows at once that there is often no relation be- 
tween the system load curve and the substation load curve. 
The reason is, of course, because the system load curve reflects 
at each time of day the characteristic demands of the system 
as a whole, while the local load curve measures only the char- 
acteristic of the particular town or industries being supplied 
by the substation. The two characteristics may be quite dif- 
ferent. 

If, however, instead of comparing the load at each substation 
with the system load curve, we analyze the system and the 
local load curves into ‘‘classes of service,’ we see at once an 
interesting and definite relation between the load curves of 
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certain classes of business in all districts. See Fig. 4 for class 
1 and 2 demands in cities of different size. In the power classes 
the same general similarity is noted for a given class of consumers. 

The characteristic loads on a large system may be segregated 
into several large classes; and if these classes of service are then 
present in any given town or supplied from any given sub- 
station it will beat once apparent. In Fig. 2 is given a character- 
istic “system” load curve and in the same figure are shown the 
load curves of certain classes of business. The principal classes 
of business on the system may be divided as follows: 

Class 1. Residence and peak lighting. This load comes on 
the system, reaches peak and drops off again in all towns and 
cities at about the same time. This class of service extends 
over about six hours per day and the load curve is quite defi- 
nite in character and practically the same over the entire 


Average Cost of Power on Bus Bar 0.75 
Ave. Cost of Power Class 0.533 Ave. Cost of Light Class 1.4 


Bus Bar 
Demand Meters 
Kw.-hr. Meters 


0.425 0.75 1,075 2.05 .Average Rates 
at Substation 


Fic. 1—ANALyYsIs OF LOADS INTO CLASSES AT COMMON SUBSTATION. 
RATES SHOWN FOR CONDITIONS AS PER FIG. 2 


system. The peak of the load curve (marked Class 1) cover- 
ing about six hours shows this service. This service almost 
always determines not only the maximum peak load, but the 
time at which the peak occurs. The load factor can be pre- 
dicted between 15 and 20 per cent. 

Class 2. Commercial lighting and small power. If the sys- 
tem load curve is broken up into two curves, one representing 
_the power and the other the lighting (marked lighting and 
power in figure), and if, then, from the lighting curve we take the 
residence and street lighting, the remainder may be called the 
commercial lighting. It will include day lighting and small 
motors on the lighting circuits, electric irons, cookers, etc 
This curve (class 2) is also fairly definite for different vata’ ) 

Class 3. Street lighting. This load has also a denaite 
characteristic with modern installations and is quite uniform 
in different towns. This load can easily be measured directly 
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Fic. 2—Ciass Loap CuRVES AND RATES FOR POWER FOR DIFFERENT 
CLASSES AT SUBSTATIONS 


Total to be earned inc. substation... ......0ccccsccrncessrecccevccsssverene $450,000 
Energy charge for fuel and storage water at O.lc ........ 05s eee eee ee eee ereee 60,000 
otal fixed) Charge sree ovale wie shalstolersGlcle leyele = shale: eld cuss stetaegere: aisteieyois Bhefeelssloeit $390,000 
This charge equally divided per proportion maximum demand as follows: f 
Fixed Million c Total c 
Class Peak charge kw-hr. EC kw-hr. 
ee ett ah ngs cite oe sovenoh aut stone. ga oF 3650 $ 97,500 5 1.95 2.05 
SAAS Salt eet ee Plate Setoins hee te 3650 97,500 10 0.975 1.075 
MOtaleltPAaClasS hele. « «1 se elelelerss 7300 195,000 15 Av. Lt.1.3 Av. Lt.1.4 
7p ks SOE Et OC DCRR AS Chae 3650 97,500 15 0.65 0.75 
SiG Gn cote cette ns: sie alarelere ove 3650 97,500 30 0.325 0.425 
Lhocalepre Classe tsetse wleleie's v6 7300 195,000 45 0.433 Av. Lt. 0.533 
Totab alliciasses tas Lite,» sss ie $390,000 60 0.65 Av.all 0.75 


Note: Rates are for power to secondaries of substation transformers. Segregation 
may be carried on same principle to any particular sub-class in the above main classes. 


Note: The figures assumed for kw-hr. are taken to make problem simple for illustration. 
Load factors for classes 5 and 6 are 20 to 30 per cent higher than usually obtainable and 
peas rates for these classes are 20 to 30 per cent low compared to other classes. 
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and gives almost aconstant load from dark to daylight. Class 3 
is shown at bottom of figure. 

Class 4. Day power. The system load curve, or the load 
curve of the power load, shows a very definite increase in load, 
starting about 6 a. m. and rising to a maximum about 10 a. m., 
dropping between 12 noon and 1 p. m., rising again to a maxi- 
mum in the afternoon and dropping off about 6 p.m. This is 
the industrial power representing the motor loads in factories, 
machine shops, etc. The load is quite definite each day (ex- 
cepting Sunday) and is as characteristic as the evening lighting 
peak. This load is shown by class 4 in the figure; load factor 
30 to 40 per cent. 

Class 5. Day and night power. ‘This load represents the 
service to cement plants, dredgers, mines, etc., and includes all 
those users for which the load is quite constant. This load is 
shown by class 5 in the figure. The load factor may vary 
from 60 to 80 per cent. 

Class 6. Railway power. This load curve is quite uniform 
for a general street railway system and can be determined 
easily, as usually the load is large and separate records are kept 
for this service. The load curve is shown and marked class 6. 
The load factor is usually about 55 per cent. 

Class 7. Irrigation. This load depends on the lack of rain- 
fall and on the season of the year. And as these are fairly 
uniform over a large area, the load is characteristic of the 
season. This load covers usually the time from late spring to 
early fall and hence differs from the above six classes. This 
load, being generally on rural circuits, can be quite definitely 
determined. This load is generally required off peak. This 
load is seasonal and not shown on the figure. 

Class 8. Reclamation. This load depends largely on rain- 
fall, instead of the lack of it, as in the irrigation service, and 
hence this load partially, but not entirely, comes before the 
irrigation season. This load, like the irrigation load, is generally 
on rural circuits and can be quite definitely determined. This 
load is generally required to remain “off peak.” This load is 
seasonal and is not shown in the figure. 

Now let us go back to the total load curve and assume we 
have determined the load curve of the last two classes (that 
is, irrigation and reclamation) and subtracted the same, for any 
given time, from the total load curve of the system; we then 
have a load curve such as shown by the heavy line in Fig. 2 


representing the total load of the first six classes. : 
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Now break this load curve into two curves, one representing 
the load of the classes 1, 2 and 8, residence, street and com- 
mercial lighting, and the others representing the load of the 
classes 4, 5 and 6, industrial, railway and 24-hour power. 
This gives us the curves shown in Fig. 2 as light and power, 
with the six classes shown. These curves are quite character- 
istic and very important relations are shown by these curves. 
We see at once we have an evening lighting peak in the light- 
ing class and a day peak in the power class. General char- 
acteristics of the classes may be tabulated as follows: 


Class 
Class Time Peak load factor 

1. Residence and 

peak lighting daily 7p.m.to 8p.m. 15 to 20% Lighting 
2. Commercial class 

lighting..... daily 6 p.m. to 10 p.m. 30 to 50% 20 to 35% 
3. Street lighting daily 6 p.m. to 12 p.m. 30 to 50% 
4. Day power.... work days 10a.m.to 2p.m. 30 to 40% Power class 
5. Day and night 

POwer...... daily 8a.m.to 6p.m. 60 to 80% 45 to 70% 
6. Railway power daily 7am. & 6p.m. 50 to 55% 
7. Irrigation pow- 

Loe tasers seasonal 10a.m. & 2p.m. 10 to 15% 
8. Reclamation 

power..... seasonal 6a.m.to 6p.m. 10 to 15% 


Note:—Overhead and underground service in some of these classes. 
(Relative rates for service at substation for different classes shown in Fig. 2 and in Fig. 
3 for varying energy charge.) 


Rates for classes 7 and 8 are more difficult to determine 
because the season largely determines earnings. These are 
special classes and not present on every system. 

Now let us suppose we wish to find the equitable rates to be 
charged these various classes. We will assume that the total 
charge against all classes is determined and is found to be 
$450,000.00. This amount may be derived for illustration as 
follows: Assume this is a water power plant of 15,000 kw. 
installed capacity, and that it costs without steam reserve 
$2,500,000, including transmission and substation. The annual 
charges against the system may be made up as follows: 


UGICCLES Lope. Re ee ne SIA Ae he $200,000 .00 

Depreciation. tise ware * LAO OG seh aain eons 

Maintenance............- Tey es Aah, deen 

axesuand ansuranCed. snmi law Wor ceresotvs se 100,000 . 00 
IPs Ge $300,000 .00 

Operation, repairs and management........ 150,000 .00 


$450,000 .00 
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This gives the total amount to be earned by all classes and 
it is desired to proportion these charges equitably to the six 
classes shown in Figs. 1 and 2. In order to simplify the prob- 
lem, we have combined classes 5 and 6 and classes 2 and 3-in 
the calculations in Fig. 2, and will assume that the lighting class 
has a total demand of 7,300 kw., and this is divided equally 
between class 1 and classes 2 and 3. Similarly the power class 
has a peak demand of 7,300 kw. and this is again equally divided 
between class 4 and classes 5 and 6 combined. The kilowatt- 
hours consumed by each class is shown in Fig. 2 and the demand 
and time of demand of each class is also shown. 

Before we can proceed to find the rates to be charged the 
different classes we must determine what is the demand and 
what is the energy charge. 


ENERGY AND DEMAND CHARGES 


It is believed business will develop most naturally if energy 
and demand charges are divided as nearly possible in response 
to natural normal costs, and that the business of the various 
classes will develop most naturally if each class is made to bear 
its fair share of costs, having due regard for the fact that asa 
matter of policy it should be remembered that the low class 
power business promotes industrial and agricultural activity 
and tends to build up a stable and prosperous community, and 
hence also increases the lighting business indirectly. 

Energy charges should only include those items that increase 
the cost to the company as kilowatt-hours are increased. Clearly 
for a water-power plant depending on the natural flow of the 
stream, all charges are fixed and are demand charges. For a 
steam plant energy charges are those charges that go to pur- 
chase fuel and water for the steam plant. For a water-power 
plant with steam reserve, or its equivalent storage water, the 
cost cf the fuel for the steam reserve plant and the cost of the 
storage water are energy charges. All other charges are de- 
mand charges. 

We have then the two important factors to determine rates: 

(1) Energy charges are those charges that inciease with the 
kilowatt-hours supplied to the system; that is, fuel cost for steam 
reserve plant and storage water cost for water-power plant. 

(2) Demand charges are all other charges to substation; that 
is, demand charges are all charges necessary to bring the sys- 
tem up to frequency and voltage and include all interest, de- 
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preciation, maintenance and all operating expenses occasioned 
by demand. 

It is seen then that energy charges are merely those charges 
that are necessary to maintain frequency and voltage to give 
service after the no-load and demand charges are accounted 
for to demand charges. 

Energy charges will vary, therefore, from zero for the water- 
power plant without storage cost, to the fuel cost of the energy 
produced by a steam plant. The items to be charged to energy 
are so simple that there can be no controversy as to what should 
be charged to energy and what should be charged to demand 
in any given case. 

For the example shown in Fig. 2 it is assumed that the com- 
pany has invested money in water storage to carry the load 
through the short water period. It may have invested say 
$500,000 for this storage and this must earn 12 per cent or $60,000 
per year. Now this storage water is used by the different classes 
in proportion to the kilowatt-hours of the classes and should 
be so charged. All classes use 60,000,000 kw-hr. so we have 
an energy charge of 0.1 cent per kw-hr. to each class. Swb- 
tracting this $60,000 from the $450,000, the total amount to 
be earned, we have $390,000 demand charges. 

Now this $390,000 should be divided proportionately to 
demand (see Fig. 4) among the classes. The best way to see 
that this is correct is to assume that one or more of the classes 
is not on the system and see what relative part of this demand 
cost remains. Suppose we have no power consumers, then the 
peak load of the system will be 7300 kw., the same as the 
lighting peak, instead of 11,000 kw., the total peak when both 
classes of consumers are on the system. We could therefore 
have a station with a peak plant capacity of 10,000 kw. instead 
of 15,000 kw. actual when both power and light consumers are 
on the system. That is, we would have a saving in plant in- 
vestment if we were serving only light. Now assume we have 
no light consumers and you at once see that the results as to 
plant capacity is the same. In other words, the same invest- 
ment and operating expenses, except storage water, would be 
required for the power consumers as for the lighting consumers. 

Instead of each class supporting a station capacity of 10,000 
kw., the two classes when combined on one system only need 
support a station capacity of 15,000 kw. This is due to the 
diversity factor, that is, to the difference of time of peak of the 
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two classes, and shows the advantage to consumers of develop- 
ing both classes of business. This was illustrated in a number 
of ways in my previous paper on “The Best Control of Public 
Utilities” (see Jan.1915 ProcrEpincs). The equity of charging 
the power consumers and lighting consumers in proportion to 
peak demand is shown above and can be shown in a number of 
other ways which need not be here given. 

Similarly the demand charges of the different lighting and 
power classes are divided in proportion to peak of the class. 

The total charges should be divided in any given case, first 


between the light and power classes as follows: 


total demand charge X light peak 


Light demand charge = light peak + power peak 


total demand charge X power peak 


Power demand charge = light peak + power peak 


Each class demand charge is determined then by proportion of 
substation class demand to total class demand as shown in Fig. 2. 
This Fig. 2 will illustrate the matter without further examples. 
If the demands are not the same, use the above formula for de- 
termining demand charges to classes. 

In California we must provide for storage three months per 
year. That is, about one-fourth the total annual kilowatt-hours 
of the system must come from storage water, or its equivalent 
steam reserve power. Now steam reserve power costs about 
0.4 cent per kw-hr. for fuel and water at the steam plant and 
naturally this is a measure of the value of the storage water. 
If one-fourth of all kilowatt-hours comes from storage water 
and is worth 0.4 cent per kilowatt-hour this then means an 
energy cost of 0.1 cent per kw-hr. spread over the entire 
60,000,000 kw-hr., or $60,000 per year, as given in Fig. 2. 

Instead of spending the money on water storage it may be 
expended on a steam reserve plant. The result is the same if 
steam plant yearly charges are $60,000 per year. For the 
different streams we may have energy charges varying from 
zero up to, say, the energy cost of the steam reserve plant. 

In the above case, instead of installing 15,000 kw. in the 
water power, we may install only 10,000 kw. in water power 
and install 5000 kw. in the steam reserve plant. Assuming 
that the total fixed charges are the same, Fig. 2 applies to this 
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case if the energy charge for fuel and water is 0.4 cent per 
kw-hr. and we produce one-fourth the total kilowatts by means 
of the steam plant. 


Fig. 3 shows the relative rates to the different classes with 
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Fic. 3—CLass RATES AT SUBSTATIONS AS VARIED BY ENERGY CHARGE 


Peak demand of four large classes equal. 
Total yearly charge $450,000. 
Energy charge varies from 0 to 0.75c. per kw-hr. 


Class Kw-hr. at Substation 
ie 5 million 
2&3 10 se 
4 15 se 
5&6 30 i 


Equation of straight lines: 
y = total rate, x = energy charge in cents per kw-hr. 
= 45,000,000 c. — 60,000,000 x ites 
4 X class kw-hr. 
For class kw-hr. = 5,000,000 we have: 
— _45,000,000 c- __ 60,000,000 x 
4 X 5,000,000 4 x 5,000,000 


Note: The figures assumed for kw-hr. are taken to make problem simple for illustration. 
Load factors for classes 5 and 6 are 20 to 30 per cent higher than usually obtainable and 
hence rates for these classes are 20 to 30 per cent low compared to other classes. 


x +x = 2.25c. — 2x 


total yearly charges constant, but varying energy charge, and 
shows the importance of proper relative rates for the particular 
conditions. Instead of a water-power plant we may have a 
15,000-kw. steam plant costing say $1,400,000. Fixed charges 
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would be say 15 per cent or $210,000 and energy charges at 
0.4 cent per kw-hr.: 


0.4cent X 60,000,000 kw-hr.......-.--+-+:- $240,000.00 
Fixed charges «gssma- seein ier eee 210,000 .00 
TO EAL sso. c.c o.0 ence Olyieheisevs etal us etal w aa: Ree ee $450,000 .00 


If this is the condition, then the relative rates of power for 
the different classes are to be taken along the vertical line of 
0.4 cent energy charge shown in Fig. 3. , 

Figs. 2 and 3 show it is not equitable to charge the same per _ 
kilowatt-hour to all classes; in fact it is clearly shown that dis- 
crimination will result from such a practise to the detriment 
of the power business generally, with the result that the entire 
business will suffer and the lighting rates must increase because 
the power business will not develop. It is also shown by Fig. 3 
that relative rates, to be equitable, must be determined for 
the actual energy charge for the system. 

Having determined the amount of the energy charge E and 
having the total amount T to be earned by the system to the 
substations, the demand charge is D = T — E. 

This demand charge D is then proportionately charged to 
the several classes as shown in Fig. 2. This gives T=D+E£ 
(total charge to any class equals the sum of demand and energy 
charge of class) for any given class up to the substation. 

This system of apportioning demand charges in proportion 
to the peak demand of classes develops largely automatically 
the relative “‘value of the service” to the different classes of 
consumers. The power consumer pays the same per 24-hour 
day per kilowatt demand as the lighting consumer. In other 
words the ‘‘value of the service” of a kilowatt demand is worth 
practically a fixed amount per year to all users, independent of 
the length of time it is used. That this is fair and scientific 
has been shown, and the application of the system produces 
relative rates (see Figs. 1, 2 and 3) which will develop the 
business. With relative rates between classes determined as 
shown herein, the occasions for making special cases will be 
the exception, rather than the rule, as at present. Most busi- 
ness will fall naturally into the general classes. 

To determine finally the total cost to consumers for any 
given class we must know the cost of service for each class from 
the substation to consumers. This would require that separate 
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accounts be kept by classes for the entire system. Records of 
demands and kilowatt-hours consumed by different classes 
would also have to be kept. Where power and light are on the 
same circuit the load curve must be analysed as in Fig. 2 to 
get at the proportional charges. 

Fig. 3 brings out very clearly the relation of the relative cost 
of power at substation for various classes of consumers for 
varying energy charge. 

If there is no encouragement to develop water-power energy, 
charges must be taken under steam plant conditions, that is at 
about 0.3 to 0.5 cent per kw-hr. If relative rates are taken 
under water-power conditions then encouragement must be 
given to develop hydroelectric rather than steam poweroali 
we offer 8 per cent to the company that develops steam power 
we should offer more than 8 per cent to the company that de- 
velops water-power. Otherwise it is plainly evident that for 
the same interest return there will be little water power develop- 
ment. The largest rate of return should be for investment 
in storage water, as the public obtains, in addition to the general 
benefits from the water power development, large indirect 

benefits from storage water, due to the fact that the stored 
water becomes available for irrigation, and increases the low 
water flow of navigable streams. 

It is believed the above method of determining demand and 
energy charges is correct and it is also believed that if each class 
of consumer is made to bear his equitable cost that we naturally 
and automatically bring the “‘value of the service’ into account. 
Rates so determined will naturally develop all normal business. 
There will be cases where special inducements must be made 
to get the business even if it does not earn 8 per cent on the 
investment, as pointed out in my previous paper on “The Best 
Control of Public Utilities.”” Some other business must make 
up the difference. 

There are greater differences in cost of service in different 
sections of a single city for the same class of service than there 
are between cities of the same class in one large system. In 
a city the grocer and butcher do not vary charges by distance 
of delivery. That would breed all kinds of trouble. Similarly, 
electric service of a certain class should be standard through- 
out a city, even though the cost for energy and investment 
may vary 10 to 30 per cent. A uniform rate is essential for 
simplicity and to avoid any appearance of discrimination. 
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Wherever the general rules for connections and service apply 
to a city the charge should be the same for the same class of 
service. Underground and overhead will have different sched- 
ules of charges and there will be different schedules for different 
classes of light service as well as different class of power service. 

It is believed to be as essential to carry this principle over 
the entire system. The overhead residence lighting service of 
towns throughout California, except perhaps the large cities 
like San Francisco and Los Angeles, is nearly enough the same 
to warrant a uniform rate. The same is true for other classes 
of service. 


PERCENT PEAK LOAD 


Fic. 4—Daity Loap CurvVEsS, COMMERCIAL AND RESIDENCE LIGHTING, 
SHOWING SIMILARITY OF CLAss 1 DEMAND 


Some axioms or general principles will at once be evident, 
as has already been pointed out, as a result of a study of the 
system and system power curves. 

Similar service in different communities should be charged 
for at the same rate. For example, residence lighting in Sacra- 
mento and Stockton should have the same scale of rates—ex- 
cept as local costs of overhead and underground distribution 
may vary, or where natural conditions or competition may have 
produced unusual conditions. And it is believed that residence 
lighting in these cities, as well as such towns as Chico, Marys- 
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ville, Woodland, Santa Rosa, Petaluma and San Rafael, should 
have one scale for overhead distribution and one for under- 
ground. Rather than have a large number of different scales 
with slight differences it is believed it will be better to have a 
uniform scale. A sliding scale would take care of quantity 
consumption. 

Similarly, a farmer pumping water for irrigation with a 20- 
h.p. motor near Woodland should have the same rate as a farmer 
requiring the same service near Marysville. A machine shop 
in Richmond using a 50-h.p. motor should have the same rate 
as one in Antioch, etc., etc. 

The same is true of all classes of consumers. It is believed 
it is better for all concerned to have uniform average class rates 
with a sliding scale than a large number of different rates for 
each class. 

Inquiry into rates then would take the line of investigation 
of determining the “class rate” for the entire system, and 
would not take each town or district supplied from a substation 
and fix rates in that district for the entire class. As time goes 
on the different districts will merge together and differences in 
rates must in the end be done away with. 

An inquiry into the lighting rate in Oakland and Berkeley, 
for example, might lead to a different rate for lighting on the 
same street. This is of course absurd. Similarly a foundry © 
in Sacramento on one side of a street should have the same rate 
as that on the other side, if their service requirements are the 
same. It makes no difference if the two foundries are served 
by different companies. 

In other words, rates would be investigated and fixed by 
classes to correspond to the judgment of the rate fixing body 
as to what is the proper rate for that class when considering the 
class of service, the different costs to different companies to 
supply that service, and the general question as to whether the 
particular industry of the class tends to develop other business 
and make for a prosperous community or state. 

Inquiry into the reasonableness of railroad rates does not 
lead to the inquiry as to rates for all classes of service to and 
out of a city or town, but inquiry must necessarily question 
the reasonableness of certain classes of service. 

Further, class rates worked out for an entire system will 
necessarily be more stable than where worked out locally. 
Rates would then not change because a new substation or dis- 
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tribution system was installed at some local point, but rates 
would be determined for the entire system’s investment and 
operating conditions. Necessarily the variation in an entire 
system’s condition is small. 

The passenger rate to Sacramento is the same over the South- 
ern Pacific or Western Pacific Railroad, although the latter is 
longer and costs more; the railroad rate does not vary to Sacra- 
mento because a new bridge is erected or because new ties or 
rails are laid, or because a more economical locomotive or more 
expensive coach is used, or because a new depot is erected at 
Oakland. Rates made to vary with these items would be ab- 
surdly changeable. The rate from Sacramento to Summit on 
the Southern Pacific is the same as the rate down from Summit, 
although in one case it requires oil to haul the train and in the 
other it coasts most of the way. The fare on a street railway 
is the same to the end of the line as for a shorter distance. 

The entire power and distributing system can be maintained 
at a standard service condition while individual units or sections 
may vary in condition quite materially. It is not economy to 
maintain all the units at a uniform standard. The variations 
in condition over an entire system will be negligible when con- 
sidering any given class rate, while locally there may be quite 
a wide variation at different times. 

I am certain there is no more reason for having different 
scales for the same electric service in Napa, Petaluma, Santa Rosa 
or San Rafael because of different states of newness of the 
distribution system, than there would be for the Southern 
Pacific Company to vary the railroad rates between these 
towns because it renewed the ballast, or ties, or rails on certain 
sections of the track, or operated a more or less economical 
engine, or because one or more of the towns had more or less 


new depots. The variations in rate would be ridiculous for 
these reasons. 


UNIFORM CLass RATES FOR A SYSTEM OR TERRITORY 


Uniform class rates for an electric light and power system 
or territory are advisable where one commission regulates rates. 

The above applies where the rate must be fixed for a city, 
town or district. Where the rate regulation for the entire sys- 
tem or territory is in the hands of one body, much better results 
will be obtained by considering the system as a whole. I 
believe the necessity for uniform class rates is so great that 
shall go into the matter in some detail. 
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Before the time of electric transmission the electric business 
was practically confined to the lighting business. In small 
towns the local steam plants supplying the lighting usually 
operated from about 5 p. m. to about midnight. In larger cities 
the plants operated during the entire 24 hours. Very little 
power business was done, with the result that the main business 
was done during the lighting hours. 

None of these early electric companies were very prosperous, 
the main reason being the limited earnings due to the limited 
use of the plant, that is, to the low load factor of the lighting 
business, usually from 10 per cent to 20 per cent. 

With the advent of electric transmission from the water 
power plants the managers of these properties, seeing the in- 
vestment idle or without load during most of the day, and 
interest and maintenance charges and operation costs being 
practically fixed, independent of the load, began to look around 
for some business. Day load was sought and low rates had to 
be offered in order to induce the factories having steam engines 
to discard these and purchase electric motors and electric power. 
The success of the electric motor and electric transmission of 
power are responsible for the large economic gain obtained as 
a result of this change of the individual power plant to the 
universal electric power system. 

It is the factory load that has made a financial success of 
electric transmission. I believe that the economic gain to the 
country due to electric power is only comparable to the gain 
as a result of railway transportation and the gain due to modern 
systems of agriculture. We have in California many com- 
munities which owe their beginning and development largely 
to electric transmission. It is, therefore, important that the 
reason for various costs of service on different classes of electric 
business under the conditions be thoroughly understood. 

There have been considered class rates applied to each city 
or district of a system. This method is necessary where the 
regulation of rates is controlled by local bodies, or a local com- 
‘pany supplies the service. With the passage of the constitu- 
tional amendment placing all cities under the commission in 
California, a much more logical and satisfactory system of rates 
will result by considering rates for a given class for an entire 
system or territory for similar service. This will not only be 
more just to different classes of consumers, but immeasurably 
simpler in application. 
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In regulating rates for the different consumers in a city it 
has been found best and necessary to make uniform rates in- 
dependent of the difference in cost due to different distances 
from the central station to the consumer. It has also been 
found advisable by the California commission (and I believe 
the principle necessary in practise under the conditions) to dis- 
regard the small variation in transmission costs and assume 
uniform power costs independent of distance from the power 
source. It is only a short step to a consideration of a uniform 
rate for similar class of service throughout a system or territory. 

Why should the residence lighting rate in such towns as Chico, 
Marysville, Woodland, San Rafael, Santa Rosa, Napa or Peta-_ 
luma be different for overhead service or for underground service? 
And why should Chico’s rate be high this year, Woodland’s 
low and Petaluma’s lower because perhaps the distribution sys- 
tem is new in Chico, a few years old in Woodland and a little 
older in Petaluma? In a few years the conditions may be 
reversed but rates could probably not be raised. Is it not 
better to determine average rates for the entire system for this 
class of service and apply it in all these cities? The distribu- 
tion systems are all being maintained at the most advantageous 
point for economy as a whole and the service is constant. 

And why should the service charge in one city be reduced 
because a more economical turbine is installed in that city and 
increased for the wasteful engine allowed to remain in another? 
Why should the rate be reduced for the company having an effi- 
cient organization and economical construction, and raised for 
the company having an inefficient organization and wasteful 
construction? 

The principle is incorrect and must lead inevitably to failure. 
On the other hand, apply uniform class rates for certain kinds 
of service, independent of the particular town or consumer 
being served and independent of which company gives the 
service, and we immediately have an incentive for the company 
to make economies and to reduce cost of construction. For, 
if the charge for a given class of service in a given district is 
fixed, the company having the lowest costs will benefit most, 
and vice versa. This principle is vital for economy and success. 

The characteristics of residence lighting (varying for over- 
head or underground service) are nearly enough the same to 
make the rate uniform, and a sliding scale of rates will take 
account of quantity consumption variation of rate to the in- 
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dividual consumer. The same is true for street lighting and 
commercial lighting. Similarly the characteristics of industrial 
or day power are nearly enough the same to apply one sliding 
scale of rates throughout the entire district covered by the sys- 
tem. The same is true for railway and 24-hour power. 

And naturally the rates for a given class of service should 
be nearly the same throughout fairly well settled parts of Cali- 
fornia where the service is available. 

If a consumer requires an investment to give him service not 
covered by the general rules, he should pay the difference neces- 
sary to bring his case within the rules. Then his cost of service 
would be the same as other users in his class. Irrigation and 
reclamation rates should also be uniform except for extraordinary 
initial costs to supply the consumer and these the consumer 
should pay. 

To get the lowest rates for all classes it will be necessary to 
take on some classes of business that may pay only a small 
percentage on the investment. This isat once evident, as has 
been shown, by examining the system load curve. If we could 
sell the surplus power available from 12 p.m. to 6 a.m., even 
if sold for less than one-half a cent per kilowatt-hour, the earn- 
ings of this period would be nearly all profit, that is, it would 
subtract nearly that amount from the other consumers. Practi- 
cally the only cost of the service to the power company would 
be for oil if from a steam plant and for storage water, if needed, 
from a water power plant. . 

Similarly, to sell day power it must be sold at less than it would 
cost the consumer to produce it, at the same time the company 
must earn part of its fixed charges and the tendency of the 
business taken on must be such as to reduce the general level 
of rates as the volume of business increases. 

The problem of finding the proper rates to be charged each 
class is a simple matter, as shown by Figs. 1, 2 and 3. We 
would first determine the total amount of fixed charges to be 
earned to the substations and proportion this amount .to the 
light and power classes as given previously. We would then 
determine the amount of the peak demands of the different 
lighting classes and the power classes, the amount to be earned 
to the substation can be apportioned to the classes. Then, hav- 
ing a segregation by classes of the investment, maintenance, de- 
preciation and operation expenses (excluding oil or storage 
water) we can determine the amount to be earned for fixed 
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charges for each class for distribution, including the substation. 
Adding the cost up to the substation to the distribution costs 
and finally adding the energy charge, we determine the total 
charge against the class. We then divide this total amount to 
be earned by a class by the kilowatt-hours consumed by the 
class, as shown by the consumers’ meters, and we have the 
average kilowatt-hour charge for that class. It remains then 
only to determine the sliding scale of rates which will earn this 
average rate as determined, considering the quantity con- 
sumption of different consumers. 

The development of the small local electric company into the 
large company operating over a wide territory makes it neces- 
sary to discard the old practise of fixing rates for each local 
situation separately. This was necessary with local bodies 
fixing the rates, but a reasonable scale of rates can not be worked 
out for a large system without considering the entire system. 
We may as well try to work out separately the railroad rates 
for the Southern Pacific and Union Pacific from San Francisco 
tc Oakland, from Oakland to Sacramento, from Sacramento 
to Ogden, from Ogden to Cheyenne, from Cheyenne to Omaha. 
The absurdity of this thing is apparent at once. We can not 
consider parts of an entire machine and estimate its earning 
value independent of the other related parts. 

The electric system is a means of generating and transmitting 
power to a large number of consumers over a wide area. The 
system supplies energy for light to one class of consumers for 
one part of the day and energy for manufacturing, largely, dur- 
ing another part of the day, and the natural subdivisions of the 
business are found by a segregation of the total business into 
classes, just as has been found necessary in determining railroad 
rates. 

There is nothing experimental about it and the further de- 
velopment of the electric power system depends largely on the 


initiation of uniform class rates, for systems or territories where 
similar conditions exist. 


ADVISABILITY OF UNIFORM Crass RATES 
The advisability of determining class rates by considering 
the natural divisions of the classes of business rather than 
considering the more artificial division into territories or towns 


served by certain substations will be admitted by anyone making 
an impartial study of the situation. 
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By considering the local situation in a town or district the 
tendency will be to largely disregard the effects of the local 
situation on the remainder of the system. This method ac- 
centuates the “cost of service” and practically ignores the 
“value of the service’’ or the ‘“‘ reasonableness of the rate ” 
from the consumers’ standpoint. 

On the other hand, by considering the classes of business and 
trying to determine average class rates for the system, I think 
there will be a direct tendency to have the “rate makers ” 
consider “‘ value of service ’” and ‘‘ reasonableness of the rate ”’ 
from the consumers’ standpoint. For in considering the “‘ class ” 
there must be always brought to mind the entire system, and 
this will naturally bring to the minds of the commissioners the 
effect of certain classes of business on the company as a whole, 
and will accentuate the necessity for giving low rates for a certain 
class of service, even though this class can only earn a part of 
the fixed charge. 

And inevitably, we can see that the application of class 
rates will lead further than this, for it is not a far step from the 
determination of average class rates for a system to a system 
of class rates which will make the rate for a given class of service 
the same even if the service is in Stockton, Sacramento or Oakland 
or anywhere in the territory, and even if supplied by different 
companies. And for the company that has done economical 
construction, has a good organization and operates at low cost 
this method must be to its advantage. 

Analyzing rates ‘to and out of each substation must necessarily 
give different rates for the same class of service to adjacent 
areas, (or in the same area where supplied by two companies) 
as the district lines are now largely imaginary and ultimately all 
districts will merge into one. And as stated above, in analyzing 
and fixing rates for the substation area, the natural basis of 
fixing rates zs this “‘ cost of service,” leaving the “ value of ser- 
vice’? and the necessity of developing a general diversified 
business for the entire system (which tends to give the lowest 
cost to all consumers) largely unconsidered. 

On the other hand, analyzing and fixing rates by classes will 
tend to make rates uniform throughout the territory served 
(except for special cases where extra investment is necessary) 
independent of the town, district or company supplying the 
service. This must tend to fix the minds of the commissioners 
on the “value of the service” and the ‘‘reasonableness of the cost”’ 
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when considering other companies or from the consumers’ 
standpoint. The necessity for considering other companies and 
their costs must result in rewarding the company having the 
lower costs. 

In analyzing rates, the substation, town or district is not 
the important or correct subdivision, but instead a certain rate 
applying to and developing a certain class of business is the im- 
portant thing to be analyzed. This naturally requires that the 
entire system be considered, and also consideration to be given 
to the effect of the rate in one class affecting the rate in another, 
and the effect of the rate on other companies and other localities 
must be kept in mind, all of which will benefit the economical 
company as it should. 

Hence there is brought continually to the mind of the investi- 
gator of rates, the necessity for developing certain classes of 
business as well as the cost of supplying the business. And as 
certain classes of business must be taken on at low rates (lower 
than will earn 8 per cent) this method of fixing rates will tend to 
accentuate and keep in mind the ‘‘ value of the service”’ and 
the ‘‘ reasonableness of the rate’’ from the consumers’ standpoint. 

Analyzing and fixing rates by cities or districts is a relic of 
the time when different local companies owned the local system. 
With a general system as a result of the transmission power, 
there is no more (and probably less) reason for considering the 
different towns separately than there is for considering each 
consumer in a town separately, and making the rate vary as 
his distance from substations. The latter wotld add immeasur- 
ably to dissatisfaction and complications, and having different 
rates in different towns for the same service is as objectionable. 

Summarizing the advantages, average class rates for the entire 
system— 

(1) Will tend to have ‘“ value of service ”’ and ‘“‘ reasonableness 
of rate”’ given consideration when fixing rates. 

(2) Will make one rate for entire district for one class and 
hence give advantage to company having the lowest cost. 

(3) Will tend to reward the efficient company and hence tend 
to reduce costs of service. 

(4) Will tend to allow constant service value of the property 
of the system as a whole. 

(5) Will very much simplify rate making. 

(6) Will remove the differences in rates which cause most 
dissatisfaction and cause most rate inquiries. 

(7) Will tend to make rates stable over a period of years. 
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On the other hand, analyzing costs to and from separate sub- 
stations, towns and districts— 

(1) Will tend to make “cost of service” control the rates. 

(2) Will give different rates in different towns and districts 
and will give higher rates to the company having higher costs. 

(3) Will penalize the company having lowest costs.and hence 
tend to increase cost of service. 

(4) Will tend to make changeable local value of property the 
basis of return. 

(5) Will very much complicate rate making. 

(6) Will promote differences in rates which are the cause of 
most dissatisfaction and most rate inquiries. 

(7) Will make rates unstable at all times. 


CONCLUSION 


The application of (uniform) class rates for a system or terri- 
tory will therefore tend (1) to make rates simple, fair and definite, 
(2) equitable as between classes of consumers, (3) uniform so 
as to make them standard for similar conditions, (4) tend to pro- 
duce economy in construction and operation, and hence, as a 
result of above, (5) rates will tend to be reduced as the volume of 
business increases. 
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Discussion on ‘‘ THE Best ContTROL oF PuBLIC UTILITIES ”’ 
(Baum), SAN FRANCISCO, CAL., JANUARY 22, 1915, AND 
“ Ciass RATES FOR LIGHT AND POWER SYSTEMS OR TERRI- 
TORIES ” (BAUM), DEER Park, Mp., Juty 2, 1915. 


DISCUSSION AT SAN FRANCISCO 


A. H. Babcock: The paper is an argument for class rates 
in charging for electric service, e. g., one set of class rates to apply 
to an entire power distribution system, regardless of local or 
competitive or geographical considerations; the rates in the 
different classes to be determined by, first, demand charges— 
that is, interest, maintenance, depreciation, operation and man- 
agement; and, second, energy charges, which shall include only 
those items that are proportional to the kw-hr. output of the 
plant. The paper makes no attempt to determine the rates for 
the different classes, but merely is an argument in favor of class 
rates. In support of these arguments the author cites the 
different conditions under which passenger and freight rates 
are determined-by a railroad company, and states that because 
of the great natural difference in the service rendered there is 
no confusion on the part of the public with reference to the 
justice or the equity in the differences found between those two 
generic classes of rates. 

The author ignores the existence of different class rates for 
freight transportation, and he overlooks, apparently, the very 
significant underlying reasons for the great variations in freight 
classification and rates. Apparently he bases his arguments 
for power rates on the hypothesis that certain capitalists have 
certain moneys to be invested for profit in a power transmission : 
and distribution system; and that by some means or other a 
profit must be secured on this investment, whether or not the 
particular locality to be served is ready for such development 
and willing to receive it, or whether the plant is to be, or, in the 
case of an existing plant, has been, designed with due regard for 
the natural economies in engineering and construction. It 
would seem that a far more just determination of such class 
rates, and a much stronger presentation of the necessity for 
such class rates might have been advanced if the author had 
stated some of the principles upon which freight classification 
is determined and the rates for the transportation thereof fixed. 

In the first place, a freight rate is a price charged for changing 
the location of something, just as a manufacturer’s rate, whether 
he manufactures goods for sale or power for sale, is a price 
charged for changing the form of something. For useful purposes 
we must have things in the place where they can be used, as well 
asin the form they can be used; and whoever changes either the 
formffor the place in this connection adds value to the article, 
and is entitled to a profit forgo doing. The power company in 
generating and distributing electricity does not change the energy 
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itself, but merely changes the form thereof; that is to say, water 
falling down hill, or oil burned under a boiler, is converted 
from mechanical or chemical into electrical energy; the power 
company changes the location of the energy by making it available 
for use at the point where the consumer desires to use it. Now, 
the consumer is not concerned in any way with the expense 
of making these transformations; he is concerned with only 
one thing, viz., the value of the energy to him at the point of 
consumption, and the value added to the energy in bringing it 
from the unusable form at the wrong place to a usable form 
in the right place is what determines the value of the service 
rendered by the public utilities; and the value of this service, 
moh the cost of it, is the true measure of the price to be charged 
ODAU: 

Assume for the sake of argument that all electric power is 
generated as a by-product from some other and major operation 
—the Los Angeles aqueduct, for example. This power is not 
valuable in any sense, that is to say, it is not usable by the 
manufacturer; it is not valuable to him personally, merely be- 
cause he cannot: use it; but, if he can transport it to places 
where it can be used, and supply it there in the form desired by 
different people, the value of his service and the price that he 
can charge for it are determined by its value and usefulness to 
the consumer. It is worth a certain amount to a railroad 
company for transportation, both of passengers and freight. 
It.is worth a different amount to a chemical works where the 
load is constant throughout the twenty-four hours. It is worth 
a different figure to a lighting consumer, and worth still another 
figure to a small power consumer. If the author were connected 
with a public utility supplying power in Los Angeles, where 
the aqueduct by-product is available, would selling prices, in 
competition with him, based on the cost of service, appeal to 
him? The manufacturer of this by-product can sell at only 
the price or prices that will develop “eagerness and ability on 
the part of the consumer to purchase ’’ his by-product, or he 
cannot sell it at all. In other words, the cost of the service 
does not enter at all into the determination of the rates he can 
charge. This principle is sometimes called charging ‘‘ what the 
traffic will bear,” but it is not; it is charging what the traffic 
can afford; and the difference between the two statements is 
easily ascertainable. On the other hand, what the traffic can 
afford is just enough less than what that service is reasonably 
worth, so that a profit is left to the purchaser of the com- 
modity; in which event, if a profit is still left to the producer, 
men and capital will be induced to undertake such enterprises. 
If this profit to the manufacturer is not left, then the market is 
not yet ready for the enterprise. 

To take another illustration of the fallacy of basing rates 
exclusively on the cost of service: as a part of the original 
development of the Standard Electric Co., it was proposed 
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to utilize the tail water from Electra for irrigation purposes in 
the Sacramento Valley.. Assume now that a company with 
capital sufficient for the enterprise could build such an irrigating 
system, legally, without interference with other water users 
along the Mokelumne River, and that this company should 
approach the author with a proposition to purchase the Electra 
tail water, by a diversion at the tail race, with no cost to the 
author’s clients. Would he recommend a sale of this water 
at the cost of service, or would he endeavor to estimate how 
much water the irrigation company could sell, at what prices 
the farmers could afford to purchase, what would be the over- 
head expense of the irrigation company; in short, would he 
endeavor to find how much this particular water traffic could 
afford? The answer is so easy that further discussion of it 
would be puerile. But the author of the paper contends that 
rates should be based on the cost of service plus a profit. If so, 
what cost?—it is proper to inquire. 

There are at least two ways of thinking of the cost of a service 
—first, that used by the author, which includes the demand 
charges and the energy charges, and therefore the entire cost; 
the second is the cost of those items that vary directly with the 
output of the plant, which is sometimes called the additional 
cost, or, to borrow a term from Acworth, the railroad economist, 
the “out of pocket’ expense. The application of these two 
costs to the science, or art, as perhaps it is better called, of 
rate making, can be easily seen by considering the very well 
known case of an established industry—a power generating 
and distributing system, for example—which is serving a given 
territory. The cost of operation of this system would be covered 
by what is stated above as the entire cost. Let us assume, then, 
that as usual there is a large depression in the load ctirve during 
certain hours of the day, and that fortuitously a large consumer 
is found whose requirements for power will just about fill up 
this big depression. Obviously to take on this customer re- 
quires no more overhead expense, the fixed charges are not 
appreciably increased, and the only expense to the manufacturer 
by reason of this additional load is for those items of his operating 
expense which vary with the kilowatt-hour output of the plant. 
This is the additional cost. N ow, if the rate to this consumer 
is to be based on the cost of service, shall it be based on the entire 
cost per kilowatt-hour output of the plant, or shall it be based 
on the additional cost per kilowatt-hour covering this period 
of depression in the load curve? If the power company en- 
courages the purchase of such power, and, finding the business 
attractive, sells at the additional cost, will it not be accused of 
discrimination, and does it not stir up trouble for itself, the- 
public arguing without discernment that if the power company 
can sell at this very low rate to one, it can equally well afford 
to sell at the same rate to all its consumers? In other words, 
will the public not demand that these same rates shall serve 
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as the basis for all rate making? Precisely the same argument 
applies to extensions from an existing plant into territory not 
now served, where the market is very limited at the present 
time, but where it may be expected to develop under proper 
treatment. As a matter of fact the rate the power company 
will charge for such service may be a normal power rate, having 
the entire cost of the plant as its basis; or it may be a sub- 
normal rate, having only the additional cost of service as its 
basis. The particular rate that will be chosen to cover such cases 
will depend on the value of the service to him who buysit. The 
additional cost evidently is the danger line below which an 
over-ambitious salesman must not drop under any conditions; 
and under certain conditions it may not be prudent to go even 
below the entire cost because of the tendency of the public to 
require comparison of rates regardless of conditions, and the 
danger that the regulating bodies may be compelled by political 
considerations to force rates elsewhere on the sub-normal basis 
when the normal rates are clearly justifiable. This consideration 
may often deter an enterprise from developing new territory. 
Certain communities, by reason of location convenient either to 
very low cost fuel supply, or to an abundant hydro-development, 
are so situated that only by quoting on the basis of the additional 
cost can attractive rates be made. It is evident here that the 
value of the service to the customer is what fixes the rate, and 
equally evident that this community is entitled to the lower rate 
its advantageous position secures toit. It is also evident that a 
power-transmission system supplying this locality should be 
entitled to take business at the sub-normal rate of additional 
cost only, without being compelled unjustly to spread these 
same rates over its entire output regardless of local conditions. 
This argument, alone, seems to dispose effectually of the author’s 
contention for identical rates for a given class of service regard- 
less of geographical position. Itis as unjust to expect the lighting 
rate shall be the same, for example, in all of the towns he has 
cited, as to expect that the lighting and power rates should 
be identical in that same town, regardless of the different uses 
to which the energy is put, and consequently of the different 
values to the different customers. Power rates, then, to be 
reasonable, can no more be the same for the same service in 
different localities than can transcontinental freight rates 
from the Atlantic coast to Salt Lake be as low as to San Fran- 
cisco, and for precisely the same reasons. Community of 
interest, plus the natural physical advantages of one locality 
over another, is what causes bees to swarm, and men to con- 
gregate in cities. Such natural advantages are as immune from 
artificial or legislative interference as are the phases of the moon. 
Furthermore, the attempt to base power rates on the cost 
of service has been, in the opinion of many persons, the direct 
cause of much legislation against legitimate enterprises, they suf- 
fering with the illegitimate ones, which, by combination of large 
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blocks of water in the securities, have rolled up enormous fixed 
charges that have been assessed against the communities served. 
We have only ourselves to blame for much of the popular 
misunderstanding and hard feeling directed against us. 

The author’s paper is not an argument for any specific rates, 
but merely for the establishment of classes for rates to hold over 
the entire system. It is not proper, then, at this time to bring 
about a discussion of what constitutes reasonable rates under 
varying conditions, but in any such discussion and bearing 
directly upon it much can be learned by a study of the method 
of making freight classifications and freight rates as applied by 
the railroads. In considering this statement it should be 
remembered that the railroad industry is much older than the 
power industry; that the art of rate making is the result of 
several generations of hard study and earnest efforts; and that 
the principles underlying the determination of power or freight 
rates must be the same, because they deal with the same thing, 
viz., the value added to something by changing its form or chang- 
ing its location. 

Based on this argument, it would seem that the author’s plea 
for class rates is just, for the reason that any average rate that 
might be considered fair would limit the use of electric power 
in many manufacturing establishments, because it would be 
too high; that is to say, the assumed value would not be the © 
value to the consumer; while on the other hand, it would be 
much lower than the value of the same product to other con- 
sumers. It is not practicable to go to the other extreme, and 
make a special rate for every individual consumer; but it is 
possible to divide all consumers into certain classes. They may 
be more or less in number than the author has chosen, but 
within a class, arate must be given that will encourage the use 
of electricity in that class, not only in the manufacture of those 
articles to which the use of electric power will add the most, but 
also to which it will add the least in value; the latter class being 
the one that will fix the rates to all kinds of manufacturing in 
that class (the word ‘ manufacturing ’’ being here used in the 
broad sense). In fixing the rate for any given class the power 
company will sometimes be obliged to put its rate below the 
entire cost and yet not so low as the additional cost, the result 
being a sub-normal rate, less than reasonable, but necessary 
on account of the conditions surrounding the enterprise, and 
justifiable only under those conditions. Under other conditions 
at the other end of the scale there will be found cases where the 
value of the service is sufficiently great, and the rate may exceed 
the entire cost of service, in which case it is a normal and a 
reasonable rate, fair and just to all concerned, although it may 
be higher than the rate for some other class of service, or even 
for the same class of service under other conditions. 

_ These are precisely the conditions that determine the par- 
ticular rate charged for freight haulage by the railroads. The 
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arguments advanced herein, far from being original, are largely 
paraphrased from an admirable paper on the railroad rate 
question recently printed and distributed by the Railway Age 
Gazette. They are given here in the hope that some of those 
who question their equity in freight rate making, but who 
understand them in power rate making, will come to see the 
close analogy between the two, and therefore will be able to 
judge justly; and to see that, after all is said and done, the 
public utilities are all in one big family, and that it is as much 
our duty, as officials of such companies, to meet and to discuss 
just such problems as these as to argue our engineering problems. 


Discussion at DEER PARK 


William J. Norton: I think it is well for those of us who live 
in the East to realize that quite important strides have been made 
in California in rate making within the last year. The Cali- 
fornia Commission itself has probably gone further than any 
other commission in theoretical rate making. 

I believe that there are serious difficulties in attempting to 
apply pure theory to electric rates. Electric rates are compli- 
cated for many reasons. In the first place if we start to make 
rates on a pure cost of the service theory, such rates must be 
modified at the maximum end of the scale by reasons of policy, 
either on account of the pressure of public regulation which 
generally affects the maximum rate only, or from what the com- 
panies themselves consider as good public policy. On the other 
hand at the low end of the scale if we fix rates by a cost analysis 
we again find that we must modify the rate to be charged because 
in many instances the rates set by theory would not get the busi- 
ness. Again in building up our theoretical calculations for rate 
making, many arbitrary assumptions must be made that give us 
a result which is an average cost and not a real cost. Such a 
result may be used from year to year for comparative purposes 
but it is not practical as a direct method for rate making. 

Therefore, with the upper end of our average cost curve ad- 
justed by policy and the lower end modified by expediency, the 
rate makers’ particular duty is to adjust the curve between the 
two points and make the entire schedule logical, so that in the 
end we abandon our cost theory altogether. The most important 
‘thing in electric rate making at the present time, it seems to me, 
is to abandon the idea that practical electrical rates can be made 
as the result of pure mathematical calculations. The best result 
comes from studying each individual rate schedule, which upon 
examination we find to be the composite growth of both theory 
and practise generally developed during the time when little was 
known about diversity factor or load factor, and our first effort 
in adjusting such a rate schedule must be to make the rates 
simpler, not only so that the public may clearly understand them, 
but also so that they will be more easy for the companies to ad- 
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Mr. Baum has not placed much stress upon this feature of 
rate making, but, as someone has said: ‘‘ Rate making is an 
art and not a theory.” 

H. L. Wallau: The advantage of uniform rates for various 
municipalities fed from one large system, in contra-distinction to 
local rates in each, based on both general and specific investments 
required for the several localities is obvious, and its carrying out, 
good policy. Likewise the desirability of giving the same rates 
to similar classes of customers is self-evident. But if I under- 
stand the paper correctly, it is proposed to establish class rates 
on an average basis for the class, namely, a flat rate per kw-hr. 
If my interpretation is correct, then I take issue with the author. 
In my judgment a rate should always recognize load-factor. 
If it does not, it may result in a gradual building up of a large 
investment which would. necessitate a rate-revisicn upward—a 
very difficult and from the public point of view a most reprehen- 
sible thing to do. While a plain meter rate with discount applied 
in some form recognizes use, it does not recognize load factor. 
A 50-kw. consumer using his load on an average of 360 hours per 
month is certainly entitled to a better rate than one who operates 
the same kind of installation, but makes a demand of 100 kw. 
with but half the hours of use. 

Mr. Baum’s method of computing fixed charges necessitates 
the separate metering of light and power in order that the fair 
return may be made on the total investment. Personally, I 
prefer a schedule which applies to either or both, requiring but 
one set of meters (in most cases) and giving the consumer the 
benefit of the diversity between his lighting and power demand, 
when jointly metered. 

For all practical purposes, the company with which I am affil- 
iated has but three schedules: (a) Wright demand schedule for 
residential consumers; (b) Wright demand schedule for small 
commercial lighting and power consumers below 5 kw.;. (c) 
Hopkinson schedule for consumers above 5 kw. and without 
limit as to ultimate size. The largest consumers on this schedule 
at present are of about 2000 kw. demand. 

Each of these schedules recognizes the individual consumers’ 
load factor, and this recognition makes for a constantly improving 
operating load factor. The last schedule has two steps in the 
demand charge, that is, automatically gives the discount for 
size, and a number of steps in the unit rate, giving a discount for 
quantity, that is, for load factor. 

By properly selecting both sets of factors, the diversity between 
large and small consumers is introduced, and the resulting rates 
are satisfactory over the entire range. 

We hope some day to be able to operate under a single sched- 
ule which will be applicable to all classes of consumers, and 
which will recognize in the rates and terms and conditions all of 
the factors involved, such as time of use, diversity, individual 
and collective, load factor, power factor, etc. 
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M.G. Lloyd: I think that most of the principles upon which 
Mr. Baum has worked are well recognized and will not be seri- 
ously disputed. I am not quite clear, however, whether in 
making rates, as he has proposed, to cover a large district, he 
means the plan to apply only in such cases as I think are rather 
frequent in California, where a single company covers a large 
district, operating in a number of municipalities there, and in 
which the local costs would differ according to the distance of 
transmission, substations involved, etc. What might be applic- 
able in that case, however, does not seem to me as applicable in a 
similar district which is served by two or more different com- 
panies, with possibly two of them even operating in the same 
community, that is, having overlapping territory. From what 
the author says, in some places in his paper, it appears to me that 
he meant his system to apply to such conditions also. For in- 
stance, in the case of two companies whose territory was entirely 
the same, if the charges were made the same where the costs 
were not the same, it would mean, of course, that the charges 
would have to be high enough to cover the conditions of the least 
efficient company, or if they were fixed the same for both com- 
panies, lower than, that, it would mean that one company would 
eventually become bankrupt. It does not seem to me that all 
of these advantages and disadvantages that are pointed out in 
the summary here can be supported. In regard to rewarding 
an efficient company, which is not done on the ordinary basis of 
making rates which are simply sufficient to cover the cost of 
service, in which is included, of course, interest on investment; 
it seems to me that can be much better accomplished by such a 
method as is in vogue in Boston for gas*service, where there is a 
corresponding change made in the interest allowed and in the 
rate at the same time; that is to say, whenever a company can 
reduce its rate for service it is automatically allowed a higher 
rate of return upon the investment. 

There is a provision in the public utility laws of at least two of 
our states, I know, providing for efficiency; that is, the principle 
is recognized in the law that efficiency in operation and conse- 
quently in lowering cost shall be recognized by larger returns, 
although I must say that I do not think any, or at least very little 
progress has been made in applying that principle in rate-making 
by commissions. 

In regard to the classes of service that were outlined by the 
author, there is one rather important class which was suggested 
by the first paper presented at the session this afternoon. It 
seems to me that the heating and cooking load should be put in a 
distinct class by itself, because it represents a definite condition 
of service, which is rather different from the other classes which 
have been recognized in the paper; that is to say, its diversity 
factor is different from that of the residence load which is made 
up merely of lighting and small applications of power, and yet 
in other features it is more like the residence conditions. It 


1722 CLASS RATES [July 2 


appears to me desirable that such service should be separately 
classified, and either a special rate made for it or else a rate made 
in such way as has been mentioned here as applying in Spokane, 
where the practical result is equivalent to giving a special rate 
for the use of energy in heating and cooking. FBG! 

S. N. Clarkson: This question of class rates for territories 
seems to have been brought up to cover a condition on the 
Pacific Coast, and which will hardly be met with elsewhere. 
When Mr. Baum proposes to fix a certain class rate for a terri- 
tory, irrespective of the distance from the source of power, he 
neglects entirely the cost of distribution, which is much more 
important and many times as great as the actual cost of genera- 
tion. The author says: ‘‘ The grocer and butcher do not vary 
charges by distance of delivery.’’ This is true within certain 
limited territories, but tradespeople do not generally deliver 
goods to one customer several miles off the regular delivery route 
without making some extra charge. 

The author further states: ‘‘ For example, residence lighting 
in Sacramento and Stockton should have the same scale of rates 
—except as local cost of overhead and underground distribution 
may vary, or where natural conditions or competition may have 
produced unusual conditions.” Then a little further on he 
says: ‘‘ Rather than have a large number of different scales with 
slight differences, it is believed it will be better to have a uni- 
form scale.’’ These two statements do not seem to be consistent. 
The first statement seems quite reasonable, and I believe the rate 
must vary when the cost of distribution and local conditions are 
materially changed. 

The author refers to tates being different because a new sub- 
station or distributing system was installed, but it has been my 
experience that the cost of such additions is usually covered by 
getting new business rather than increasing the rate for existing 
customers. It seems to be generally conceded now by all the 
interested parties that any economies, which can be effected by 
efficient organizations and economical equipment, should be 
divided between the company and its constumers: 

W. H. Pratt: The analysis of costs in the paper may have 
been with a particular point in view, which to my mind seems to 
be that of full recognition of the fact that charges must be based. 
on some form of demand system, and yet that that demand sys- 
tem should be so planned that changes which might occur in the 
future, at which time a revision of the estimate mij ght properly 
f made, would not upset the conclusions that would then be 

rawn. . 

Edward L. Wilder: There is one point, already mentioned in 
the discussion, which I think is worthy of some amplification. It 
is very important, it seems to me, in rate making, to furnish an 
economic motive to the consumer to improve his load factor. 
It does not seem tome that the method here proposed does that. 
There are several examples which occur to me. For instance, 
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the adding of household devices decidedly improves theload factor 
of the ordinary residence, and if it is possible to devise a rate 
schedule which will encourage the tse of such devices both the 
consumer and the company are benefited. I have in mind one 
case where a very largefactory this last winter was working on 
short hours because of the financial depression. The rate sched- 
ule under which they were working included an off-peak option, 
which meant a concession in case any of the demand was dropped 
during the station peak. The factory, by arranging its hours 
of work to suit the rate schedule, was enabled to save several 
hundred dollars a month and still get the service which was 
required. This was of as much advantage to the power com- 
pany as to the consumer. 

James W. Welsh: We have tried the method the author pre- 
sents, in Pittsburgh to a limited extent, and find it very success- 
ful. I think the author’s principal point is in the method of 
prorating the demand charge or the fixed charges among the 
various classes of service. It seems to me that this is a very 
simple and complete plan. It has several advantages which I 
do not believe have been mentioned, in addition to that of auto- 
‘matically eliminating the necessity for considering the load factor 
and diversity factor. Irefer to his formula where the demand for 
this class is prorated on the basis of the ratio of the peak load of 
that class to the sum of the peak loads of all classes. That meth- 
od also takes care of the question of reserve capacity, both in 
generating equipment and in transmission lines and substations; 
in other words, it eliminates the necessity for knowing just what 
that capacity isin putting the charge on a kw. basis. It may be 
a difficult thing to know what the capacity of the transmission 
line is, when you charge your customers so much per kw., but 
this method starts with the fixed return which must be earned and 
prorates the charges on that basis. 

H. M. Hobart: In the main I consider that the author’s 
recommendations are sound and desirable. As near as I can see, 
they are precisely on the lines on which railway rates are made 
up, and they will involve the same difficulties, perplexities and 
paradoxes that are therein met. It is quite customary, and toa 
certain extent right, to lay a great deal of emphasis on load factor, 
but there are other things which in the last analysis affect the 
costs besides. those mentioned. I have in mind particularly the 
power factor of the load. We do not discuss that much in 
America, but I know that engineers in Italy have written papers 
and devised systems that would take into account the consumers’ 
power factor. It is of far-reaching effect. Ifaman who wanted 
only some 30 h.p., chose to look into the matter, and happened 
to be interested in electrical subjects, and able to make calcula- 
tions, he would probably find that if he bought a machine as 
large as a 100-h.p. motor and used only 30 h.p., and had the motor 
designed so that the saturation was low at normal operation, 
and if he ran it with a leading power factor as low as 0.2 or some- 
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thing of that order, the supply company could afford to pay that 
man a sum for every kw-hr. he took from the system instead 
of charging him for the amount he consumed. That would be 
in the nature of an equitable transaction. That, doubtless, as 
time goes on, will have to be taken care of—the general influence 
of the power factor of the load will have to be considered. In 
most cases of a lagging load, averaging say 0.4 power factor, 
even if the Joad factor is high, the actual cost would be greater 
to the company than a load of unity power factor with lower load 
factor. Such matters are very difficult to determine. You 
can only, in a way, keep track of the tendencies. Mr. Baum’s 
paper evinces a realization that it is hopeless to distribute the 
charges equitably. Indeed there is no very acute need that each 
customer should pay to the last farthing exactly the equitable 
amount. 

The chief requirements are that the community shall be effi- 
ciently provided with electricity, and that the supply company 
shall obtain a reasonable return for its undertaking. The plan 
outlined by Mr. Baum will necessarily involve, as all progressive 
plans do, the cruel but wholesome necessity of putting ineffi- 
ciency out of business. 

The author makes it clear that he intends the system to apply 
to competing companies in the same district. I will refer to one 
case the author speaks of, where a man on one side of the street 
gets his supply from one undertaking and a man on the other 
side of the street gets his supply from another undertaking. It 
would be utterly inequitable, in sucha case, that the one man 
should pay a different price from the other man. 

That which especially interested me in this paper is the clear 
way the various matters are brought before us—the point that 
you must distinguish what kind of plant you put down, you must 
realize the possibilities of the district, what the percentage of 
poor load factor will be, and what percentage of the consumption 
will have a good load factor. It might make all the difference 
in deciding between a steam central station and making use of 
some water-power prospect. There is usually certain to be a 
considerable percentage of lighting load and the author shows 
very clearly in Fig. 3, as far as regards the lighting load, the water- 
power plant will not be in such a’good position to compete as the 
steam undertaking, whereas as regards the power load, the water- 
power undertaking will be in a better position to compete than 
the steam undertaking, provided it does not require too great an 
outlay for water storage or steam reserves. Thefurther west we go 
the more favorable is the case for water power, and the further 
east we go, the better is the case for steam. There will be a 
dividing line where, in order that investments shall not be wasted 
very careful analyses should be made. In this intermediate 
zone it will frequently occur that a very large steam undertaking 
will be in competition with a very large water-power undertaking 
We may assume that in both cases the plants would be first-rate, 
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put down with the best engineering knowledge, no waste in any 
way. Under such conditions, in arranging for the price a com- 
mission would have very hard work so to arrange it that the 
steam undertaking should not get a disproportionate return for 
the lighting load while the water-power undertaking would lose 
on the lighting load and obtain a disproportionate return on the 
powerload. These questions are, however, in no sense any more 
difficult than the questions involved in the making of railway rates. 

Ralph W. Pope: The author appears to be on the right track 
in making different charges for different classes of service. It is 
one of the most difficult problems in so fixing rates that the 
company will derive the greatest revenue. If they are too high, 
they may diminish the demand, and if they are too low, the mar- 
gin of profit is too small. Somewhere there is an actual dividing 
line between the two conditions, which is very difficult to deter- 
mine. The author has referred to railroads and delivery service 
in cities in a way that shows that there are difficulties in almost 
every branch of business in meeting the wishes of the customer 
and at the same time bringing proper returns to the producer. 
Railroad charges have had much to do, I think, with the 
establishment of the public service commissions. 

In the case of railroad rates, the author has cited the railroad 
as not charging for certain improvements which had been made. 
This may be generally the case, but after the Pennsylvania Rail- 
road spent one hundred million dollars on tunnels and tracks 
leading to the station in New York City, New Jersey passengers 
weré taxed ten cents each for going through the tunnel, southern 
and western passengers being exempt from that charge. 

As an instance of the question of rates, I might cite right here 
that the Baltimore and Ohio R. R. will carry me from Deer Park 
to Asbury Park, about 75 miles further, for the same price that 
the Pennsylvania will carry me the lesser distance. In another 
case the rate to Washington and back from New York City is 
about $10, and the distance is 230 miles each way, making 460 
miles for $10, which is approximately two cents a mile. In the 
summer season the railroad companies make an excursion rate of 
$3 for the round trip, which is less than seven mills per mile. 
This means a special train and poorer accommodations, but it 
shows that under certain conditions they are willing to advertise 
and get people to go, when the people had not intended to go, 
for seven mills per mile, but if you want to go at your own con- 
venience by a regular train the fare is two cents a mile. 

There is one other illustration which has come up before, in 
some of our discussions regarding different conditions. Mr. 
Baum in his paper refers to the California experience, while the 
conditions in the eastern territory are different. In the irriga- 
tion projects in New Mexico and Arizona a very low rate is 
made for domestic power for heating or any other purpose in the 
winter, because there is no use for the power for irrigating in the 
winter, while the price of coal is very high, and so a low rate 1s 
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made, to compete with coal, which would be impossible under 
any other conditions. 

M. G. Lloyd: I think that last point perhaps explains what 
Mr. Hobart did not seem to see in presenting the paper. One 
may have a seasonal load, like irrigation, which is very desirable 
from the standpoint of the power plant, and yet as shown by the 
figures, it has not the characteristics that would earn concessions 
on the same yearly basis as the other loads; yet it is entitled to 
it as an off-peak load. The same thing applies to an all-year 
daylight load. It has not a 100 per cent load factor, but is more 
desirable than a load with 100 per cent load factor, because it 
is off the peak. 

H. L. Wallau: There is one more point I would like to bring 
out in reference to the load factor rate versus the direct flat 
rate. An illustration was called to thy attention some time ago 
of a company in a small town, whose business was chiefly lighting. 
They had the usual Saturday night peak, all the year round, 
the heaviest night in the week, and it was particularly heavy in 
the winter time. There was a clothing concern in town, the use 
of whose load during the whole week was very moderate, but on 
Saturday nights the use of their load was quadrupled by outline 
lighting all over the building, the very time when the company 
could least stand it. They were making a terrific demand on 
Saturday night, with a very low use of their load during the week- 
day nights, and having a flat rate, with discounts, they got a 
good deal better rate than if they had not put up the outline 
lighting on the building which they used on Saturday night only. 
That is an inconsistency, and such a class of ratesis apt to build 
up just that sort of business, and when that business gets big 
enough there is nothing for the company to do except raise rates, 
if they want to avoid a deficit. 

F. G. Baum (by letter): None of those who discussed the 
paper made any argument that my method of analysis is not 
correct, but some question the advisability of adopting such a 
system. This is natural, and extreme caution should be used 
in adopting any plan, and no plan should be adopted that does 
not depend for its facts on the actual records of operation of 
the company in the particular territory. 

Three propositions are stated in the paper, viz.: 

1. That demand charges are charges to substation necessary 
to get the system up to frequency and voltage and ready for 
business, and these charges should be apportioned among 
various classes in proportion to the peak demands of the classes, 
as outlined in the paper. j 

2. That energy charges are only those charges that go to 
put kilowatt-hours into system after the system is up to fre- 
quency and voltage, that is, that energy charges are practically 
cost of fuel at the steam plant, or steam reserve plant, and 
storage water cost (not forebay storage cost) at power plant. 

3. That uniform class rates, as developed in the paper, for 
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a system or territory where similar conditions exist, will be 
simpler, more equitable and more stable than present rates, 
and will tend to develop all classes of business, and tend to 
have commissions consider ‘‘value of service’ and allow a 
constant service value for the property. 

From the substation to the consumer the same method of 
analysis may be used. Any piece of equipment or line, etc., 
used jointly by two or more classes should normally divide the 
charge in proportion to the peaks. That is, to get the kw. 
demand charge, divide by the sum of the two peaks at the 
time when those peaks area maximum. Then multiply this 
demand by the demand of the class to get the total demand 
charge for the particular equipment or line for the class. If 
‘the peaks are not coincident then the demand cost is reduced 
because of the diversity, as is right. When we arrive at the 
consumer’s line, for transformers or meters used to supply him 
alone, he must bear the entire cost. Those are consumers’ costs. 

This method, then, gives the relative normal cost of service 
to the different classes and with this method of separating de- 
mand and energy charges brings in automatically relative rates 
which will generally develop the business. This may be called 
the lowest measure of the value of service. 

The general natural tendency of electric rates is to favor the 
lighting consumer, and if the improvement in lamps continues 
the lighting consumer will pay very little, ultimately. By the 
proposed method it will be seen that his rate must increase 
as his kilowatt-hours decrease. Unless classification of invest- 
ment and expense is made and class rates made to fit the large 
classes I am afraid for the future of the business. 

The method gives the normal relative cost of the power and 
will develop most business normally, but the investment charge 
may still be graded to different classes if the rate so determined 
will not give the largest net earnings for a given investment. 
This was pointed out in the paper. 

Referring to the third principle; by this method we do not 
treat with individual consumers (except in specia] cases) but 
with classes. A power man may only use power during the 
morning or afternoon, that is for six hours corresponding to the 
lighting number of hours, but his rate is determined (so far as 
expenses up to any equipment used by him exclusively) by the 
class of which heisa part. In each class there should be a slid- 
ing scale which makes the rate of the short time user in the class 
higher than that of the long time user. That is a rate scale taking. 
into account the kilowatt-hours consumed per kw. installed. 

We must not confuse the prospective electric consumer with 
a discussion of power factor, load factor, diversity factor, peaks, 
time of peaks, etc.; but we should tell the consumer what he 
wants to know—that is, what his rate and probable consumption 
will be when he tells us what his installation is to be. A con- 
stumer will be satisfied generally if he knows he is paying the 
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same rate as other consumers in the same business, that is, 
other consumers in the same class. ; 

Rates should ultimately become known as applied to a 
certain class of business, for example the lighting class rates, 
the day power class, the 24-hr. class, business lighting, street 
lighting, etc. When the residence lighting consumer now hears 
of the low 24-hr. power rate he thinks he should have the same 
rate; but he is educated to know he must pay a rate for express 
freight different from that for which he ships sand in carload 
lots. 

If my first two propositions above are accepted, it will largely 
result in an automatic and just finding, from easily determined 
facts taken from the records of the company, of the equitable rela- 
tive rates for different classes of consumers. We determine 
correct relative rates by the method and do not merely say 
in general terms the lighting consumers shall pay some inde- 
finite amount more than the other larger users; but we say 
how much more should be paid. And there is no questioning 
the answer if we go at the matter fairly. The third proposition 
will stabilize and standardize rates and remove misunder- 
standings. We have tried numerous methods of determining 
rates and no one will say they have been an unqualified success. 

If managers and engineers will apply themselves to a thorough, 
ojen-minded and fair study of the situation, I believe they must 
inevitably come to the same conclusion that I have. My 
study has been made from, probably, the largest general power 
system, and one that has developed the diversified load to a 
very high state. It is therefore practical as well as analytical 
(and not theoretical), and the three conclusions above stated 
were arrived at without preconceived notions and without in- 
fluence; and the conclusions are believed to be such that any 
one who is willing to accept a fair rate of return on a fair value 
- will accept them. It does not agree with those who believe 
we should charge all the traffic will bear. And besides, no two 
men will agree on how much is, all the traffic will bear, which shows 
its fallacy. » I believe electrical men prefer the certainty and 
stability of a fair return on a fair value, and definite methods 
of determining rates. 

If engineers and managers can not agree among themselves 
as to the facts, we certainly must not be surprised if the com- 
missions are confused. Ags a whole the commissions are try- 
ing to do what is right, just as are the companies as a whole. 
‘To concentrate and crystallize the varying views and methods, 
it is necessary that we concentrate and crystallize our ideas 
and facts, so that common ground may be determined to which 
all fair-minded men must agree. 

Any other course must leave the business in the uncertain 
state in which it has been in the past. Stability and certainty 
are assets worth striving for, and the business will not be 
on firm ground until rates are made (1) fair and liberal as a whole 
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to the company, (2) equitable as between classes of consumers, 
and (3) uniform so as to make them stable, and standard for 
similar conditions. These results are necessary for developing 
the ability and eagerness desired on the part of the company 
and consumers. 
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PROGRESS IN THE IRON AND STEEL INDUSTRY AND 
THE ELECTRIC FURNACE 


BY KARL GEORG FRANK 


ABSTRACT OF PAPER 


The paper traces the history and development of the electric 
furnace, which has become a very valuable tool in the steel 
industry and gives promise of an increasing range of application. 
It is believed that by means of the electric furnace steel will 
be produced of a quality far superior to any made at present. 


HE BEGINNING of the twentieth century saw the advent 
of the electric furnace, its introduction into the iron and 
steel industry, and its use on a larger scale. It did not receive 
much of a welcome, and critical eyes followedits course. Steadily 
and relentlessly it worked its way upwards, until today it has 
become a valuable tool in the industry, with an increasing range 
of application and usefulness. Those who look ahead even see 
a vastly larger field, and firmly believe that the electric furnace 
will be generally employed in the production of higher qualities 
in all branches of the steel industry, and that by it steel will be 
produced possessing qualities unknown today, but far superior 
to anything we produce at present. 

The simple fact that the electric furnace has been successfully 
introduced and has proved its usefulness and applicability is 
sufficient proof that its appearance is not accidental, but that 
it arrived with historical necessity at a time when it was found 
that the then existing means for the production of iron and 
steel were insufficient to meet the new conditions. 

I purposely use the term historical necessity, indicating thereby 
that we must look upon such a thing as the introduction of a 
new technical means, not only from an engineering or industrial 
point of view, but that we must consider it as a part of the total 
material and intellectual development of the country. Every- 
body knows how closely related the technical and commercial 
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conditions are in any industry, but it may not occur to all that 
a step in advance in the steel industry may be due to certain 
changes in social or even political conditions, and that, vice 
versa, an improvement in the steel industry may react on such 
conditions and possibly influence the total national structure. 

An industry and its technical means are not a world by 
themselves, or only to a small extent, but a part of a larger body 
whose purpose they must serve. Thatis no news to an electrical 
engineer!—The engineer who lays out the plans of a power 
station or an electrical railway, or the telephone engineer who 
looks into the plan for the enlargement of a telephone exchange, 
must very carefully investigate general conditions in that country 
or in the community. He must take into account the human 
element, the ways and tendencies in private as well as in business 
life, as all these factors will influence such an undertaking. 

I touch upon these points here because I want to show that 
the present conditions and requirements, as well as the develop- 
ment in the iron and steel industry proper, brought about the 
advent of the electric furnace, and the latter is not the result 
of fad or fashion, but the legitimate child of progress and 
development. 

If we now abandon our little. excursion into the world of 
general ideas and turn again to that part of the world that in- 
terests us here today, we have only to look back into the history 
of the iron and steel industry of the United States in order to 
realize that those general statements can easily be verified by 
glancing over the development during the last 30 or 40 years. 

The iron and steel industry of the United States was of little 
importance before the Civil War, especially as compared with 
England’s highly developed works, and only as late as 1868 
to 1870 it began to extend and develop on a larger scale. The 
rail—the chief requirement of the railroad—was the first great 
influencing factor during a period of about 25 years, beginning 
_ approximately 1868 and ending, about 1893. That is best shown 
by the fact that the mileage of the railroads from 1880 to 1890 
increased from 93,262 to 166,703 miles, while from 1890 to 1900 
only an addition of 27,630 miles is reported. 

Not only the extent of the production of the industry was 
largely determined by the needs of the railroads, but also the 
quality of the products, and the gradual replacement of iron 
rails by steel rails was largely responsible for the quantity of steel 
made in those days, 
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In 1880 out of 115,647 miles of rails only 29 per cent were 
steel rails. In 1890 there were already 167,458 miles of steel 
rails out of a total of 208,152, that is to say, 80.4 per cent, 
and in 1903, 94.6 per cent out of a total of 286,262 miles were 
steel rails. 

The table below shows very clearly the tendency to replace 
iron by steel. This was due, as will be seen later, not only to 
the influence of the railroads, but was a general feature of the 
industry, forced upon it by the demands of the consumers. 


Year Pig Iron Steel Per Cent 
1890 9,202,703 tons 4,277,071 tons 46% 
1895 9,446,308 « 6,114,834 ¢ 65% 
1900 13,789,242 ¢ 10,188,329 « 74% 
1905 22,992,380 “ 20,023,947 “ 87% 
1910 27,303,007 “ 26,094,919 “ 95% 
1911 23,649,547 “ 23,676,106. “ 100% 
1912 29,726,937 “ Si 2o1 30a ee 105% 
1913 30,966,152 “ 31,300,874 “ 101% 
1914 23,332,244 « 23,513;0380'" ¢ 101% 


After this period, the demand for structural steel for building 
“sky scrapers’, bridges, etc., had a decided influence on the 
production. Still later on, towards the end of the last century, 
steel for freight cars, agricultural machinery, wire rope and 
general machinery, as well as the demands of the shipbuilders, 
were important factors. 

In connection herewith, it may be of interest that the first 
50-ton steel freight car was introduced in 1897 by the Pressed 
Steel Car Company, and that from 1900 to 1902 the number 
of freight cars increased by 150,000. 

Quite a number of events extending almost over the entire 
period reviewed here, and even up to the recent past, may only 
slightly be touched upon here, although their influence upon the 
development of the iron and steel industry is very pronounced. 
I have in mind here the discovery of new mines in the middle 
West, the consequent shifting of the principal seat of production 
of pig iron and rolling mill production to new centers such as 
Pittsburgh and Chicago, and the establishment and growth of 
the manufacture of machinery, tools, implements of all kinds in 
the East, especially in New England, which, with its varied de- 
mands, presented new problems to the steel maker. 

During all these years, up to 1890, and even up to 1900, the 
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means at the disposal of the steel industry were fully sufficient 
to produce all the material necessary. The blast furnace, the 
converter, the open hearth furnace, and especially the crucible, 
enabled the steel makers to meet the demand for practically all 
kinds of steel used. From that time on, however, a new develop- 
ment in the industry set in, which is characterized by the fact 
that it is intensive rather than extensive, in contra-distinction to 
the period before. New industries sprang up which created a 
demand for steel of very high quality for special high-priced 
manufactures. Competition grew up, and it became evident 
that further improvement in the manufacture and production 
of iron and steel was needed. : 

If we add to this fact that no new iron mines of any importance 
were discovered in this country, that high-grade ore has to be 
imported from Cuba, Chile, etc., and that ore of poorer quality 
has to be used, we will easily understand that a new furnace 
which promised to overcome these difficulties was gladly ac- 
cepted. Not only ore, but other raw material, cold scrap, etc., 
underwent a change for the worse, so that steel makers had to use 
poorer material, or pay much higher prices than previously for 
raw material. 

Additions to the mileage of the railroads were, of course, much 
less than in former periods, but the heavy traffic in the great 
cities, thevastly improved freight movement,created a demand for 
heavier and better rails. On the other hand, endeavors are 
being made to design lighter cars for passenger as well as for 
freight service, without, of course, decreasing the mechanical 
strength, so that steel of better quality and better mechanical 
properties is to be used. The total weight on drivers increased 
from about 69,000 Ib. in 1885 to over 180,000 lb. in 1907, and 
reached that year a maximum of 316,000 lb. The average axle 
load increased in the same time from 22,000 lb. to 48,000 Ib., 
and the weight of rail per yard from 65—75 lb., to 85—100 lb. 
When the American Society of Civil Engineers adopted its 
standard section in 1893, 80 lb. rails were just coming into use. 

The electrical industry that grew up to unexpected and un- 
precedented greatness, called upon the steel industry for better 
or more suitable raw material; transformer and dynamo sheets 
of low carbon content but high in silicon for reducing hysteresis 
losses were called for. The casings of railroad and mill motors 
demand a low carbon steel of good magnetic properties; through 
the increasing speed of turbo-dynamos new requirements were 
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set up for a steel of good magnetic properties and at the same time 
of very high mechanical strength. 

The small electric motor has recently received new attention, 
and its further improvement and development is probably largely 
dependent upon the material for its active parts. Steam tur- 
bines, high-velocity rotary pumps, and similar machinery-add 
further to the demand for high-grade steel. 

Of special importance and great influence was the automobile 
industry, with its manifold requirements, from the highest grade 
of alloy steel for axles, gears, camshafts, magnetos, down to 
ordinary steel castings. 

The hardware industry with its varied products of fittings, 
fixtures and household goods of all description, must also be men- 
tioned here. So we find a great number of industries, each one 
offering its particular problem and its special requirement as to 
proper material, and all of them ready, even waiting, for improve- 
ment in the raw material, and their progress largely dependent 
upon same. : 

Steel pipes for high-pressure water systems for municipalities, 
tubes of all description, valves and fittings for city water supply, 
further nuts, bolts and rivets of high mechanical strength, and a 
great many other implements, should further be mentioned here. 

But this is not all; the methods of manufacture have changed 
and improved in order to meet the new conditions. Lathe-work 
—planing and milling has been largely replaced by grinding, thus 
enabling the use of hardened gears, shafts and valves. It is 
well known, however, that even this method does not overcome 
the difficulties: internal strains are set up which frequently 
change the shape of such hardened parts after the grinding— 
which even a finishing grinding cannot fully remove. 

That reminds us and shows that the behavior of steel under 
such conditions is still little understood, and that a good deal 
remains to be done. The problem involved herein can only be 
solved by careful and thorough scientific investigation, an investi- 
gation that is to be carried out largely by the chemist and metal- 
lurgist. It is evident to everybody familiar with the conditions 
of the steel industry, that the electric furnace will prove to be a 
very valuable tool for solving all thes> and many more problems. 
Its flexibility and adaptability will increase with increasing scien- 
tific knowledge. 

In drawing this conclusion I do not limit it to such cases 
where the production of electric steel will prove to be more 
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economical, as for instance crucible steel, but I include also those 
branches of the industry in which economical superiority of the 
electric furnace is still very doubtful. 

The question involved is by no means one of price oats At 
any rate not of price of the steel as raw material. In quite a 
number of instances the finished product, machined castings, 
lathe work, etc., or other parts, for which the cost of labor is to 
be taken into consideration, it can be shown that the use of the 
higher grade of steel as raw material cheapens the product in- 
stead of increasing its price. This is so in all cases where loss 
from faulty material is greatly reduced by the use of higher- 
grade raw material, and in each particular case it will be very easy 
to find the limit and conditions under which high-grade expensive 
raw material will permit the most economical production. 

Aside from that, there is no need for striving to compete on 
the basis of price and cheapness, which I consider is funda- 
mentally wrong. What we must do and strive for, is to pro- 
duce a higher quality of steel which commands a_ higher 
price, and which, in spite of such higher price, is more economical 
in the end than other steel. It is mainly for this reason, I am 
convinced, that the electric furnace has come to stay, and be- 
cause it is the best, and in not a few cases the only means for 
producing steel of the highest quality. That does not mean, 
of course, that in years to come all low-grade steel will disappear, 
but it means that in the different branches of the steel 
industry, steel will be made which will exhibit some superi- 
ority as compared with that formerly used in that par- 
ticular branch. Furthermore, the above statement does 
not mean that the electric furnace will replace all other 
furnaces hitherto used, but it means that it will become the 
adjunct to all other furnaces for refining and improving their 
product. It follows therefore that the electric furnace is essen- 
tially a refining furnace, which was never intended to compete 
with the blast furnace, or the open hearth furnace or the cupola, 
in order to produce only what these furnaces produced in quality. 
It is true that in some instances the electric furnaces are success- 
fully employed for melting or smelting only, but these cases 
are not representative. When in such cases the electric furnace 
is used for melting and refining, and competes successfully with 
the combustion type furnace, it is because the advantage de- 
rived from the refining exceeds the loss which results from using 
the electric energy for melting only. The economical problems 
involved in such cases must, of course, be considered individually. 
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I have no doubt that in many cases a duplex process will prove 
to offer special advantages, so that the melting proper may be 
carried on in a cupola or open hearth furnace, or liquid Bessemer 
steel may be used, while the action of the electric furnace is con- 
fined to the refining only. 

Naturally, the question arises as to the specific technical or 
physical element by virtue of which the electric furnace can 
accomplish all these results claimed. The answer to that ques- 
tion is simply this, 1st:—The electric furnace produces a tempera- 
ture higher than any other furnace, and produces such higher 
temperature more economically than other furnaces. 

2nd. It produces these higher temperatures without con- 
tamination of the charge through gases and other impurities, 
etc., and in the case of the induction furnace, without contamina- 
tion through carbon. 

3rd. The electric furnace, and again especially the induction 
furnace, offers the possibility of controlling the temperature 
within limits which are entirely beyond the reach of the old 
furnaces. 

There may arise some doubt whether the temperature is 
really such an important factor as stated above, but to substan- 
tiate that contention it will suffice to call attention to the be- 
havior of silicon and carbon in the Bessemer converter, of 
phosphorus, sulphur, manganese, etc.,in the open hearth fur- 
nace, facts which are all well known, and represent conspicuous 
cases. There are really only three fundamental factors which 
determine all steel-producing processes: the chemical composition 
of the material, temperature, and time. The more perfectly 
we can control these elements during the process, the more 
perfect results will we obtain. Thus we see at once the immense 
possibilities of the electric furnace, and it only remains for the 
steel maker to investigate thoroughly and carefully the phe- 
nomena in question. He must, of course, not stop with the in- 
vestigation at the ladle, but must extend it to foundry, rolling 
mill, forge, hardening furnace and even the machinery shop, 
in order to be fully informed about the behavior of the steel dur- 
ing the process of conversion from the raw material into the 
finished product. 

Also in these branches of the steel industry, electricity has 
already rendered great service, and helped to solve the problems 
involved. It will do more in the future, and I can well imagine 
that the temperature of the steel in the molds, or passing through 
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the rolling mills, will be controlled by electricity in order to 
influence the cooling-off process, which, as we know, is quite 
important for the character of the finished product. 

We have therefore good grounds to trust that the close co- 
operation of the electrical engineer and the steel maker will 
result in the improvement and progress in the steel industry, 
and the electrical engineer will always welcome the oppor- 
tunity to assist in solving the problems of our iron and steel 
industries. 


Presented at the Panama-Pacific Convention of 
the American Institute of Electrical Engineers, 
San Francisco, Cal., September 16, 1915. 
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PHYSICAL LIMITATIONS IN D-C. COMMUTATING 
MACHINERY 


BY B. G. LAMME 


ABSTRACT OF PAPER 


In direct-current machines, there are a number of apparently 
distinct limitations, such as sparking at brushes, flashing at 
the commutator, burning and blackening of the commutator 
face, picking up of copper, etc., which, in reality, are very in- 
timately related to each other. The principal object of the 
paper is to bring out such relationships and to show that all 
these actions are special cases of well-known phenomena. 

The theory of commutation is considered only in its relation 
to the e.m.fs. generated in the coils short-circuited by the 

_ brush; and the limiting e.m.fs. per commutator bar and per 
brush are shown to be fixed principally by brush contact re- 
sistance. The effects of the negative coefficient of the contact 
resistance are also referred to briefly. 

Flashing due to various causes is next taken up, and the re- 
lations between the maximum volts per bar and flashing con- 
ditions is indicated, both from test and general experience. 
Flashing due to various other causes, such as interrupting the 
circuit, etc.,is also considered. 

Burning and blackening of commutators, high mica, picking 
up of copper, etc., are treated in detail, and these actions are 
shown to be very closely related to the commutation limits de- 
rived in the earlier part of the paper. ; 

Noise, vibration, etc., are also considered as limitations in 
design of d-c. apparatus. In approaching the ultimate design, 
these limitations become increasingly prominent. 

Flickering of voltage and winking of lights are two well- 
known actions in direct-current practise. A simple explana- 
tion of the winking of lights (not original with the author) is 
given, with the results of tests on a generator with well-pro- 
portioned compensating windings in the pole faces. Apparent- 
ly the difficulty is a fundamental one, and is liable to occur in 
all types of d-c. machines. ine 4 

In conclusion, a brief chapter is given on design limitations 
as fixed by commutator peripheral speed. This applies par- 
ticularly to large-capacity high-voltage machines. ae 

An appendix is added covering a method for determining the 
maximum capacity of d-c. machines in terms of the short-cir- 
cuit volts per commutator bar when the various constants in 
the machine are given certain limiting values. The results 
show that in large high-speed machines, the maximum capacity 
is considerably above present practise. 


N DIRECT-CURRENT commutating machinery there are 
many limitations in practical’ design which cannot be 
exceeded without undue risk in operating characteristics. 
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Many of these limits are not sharply defined in practise, due, in 
many cases, to the impossibility of taking advantage of all the 
helpful conditions and of avoiding the objectionable ones. There 
are many minor conditions which affect the permissible limits 
of operation, which are practically beyond the scope of reliable 
calculation. Usually, such conditions are recognized, and al- 
lowance is made for them. It is the purpose of this paper to . 
treat of some of the major, as well as minor, conditions which 
must be taken into account in advanced direct-current design. 
These are so numerous, and are so interwoven, that it is difficult 
to present them in any consecutive order. 

Probably the most serious limitation encountered in direct- 
current electric machinery is that of commutation. This is an 
electrical problem primarily, but in carrying any design of direct- 
current machine to the utmost, certain limitations are found 
which are, to a certain extent, dependent upon the physical 
characteristics of materials, constructions, etc. 

A second limitation which is usually considered as primarily 
an electrical one, namely, flashing, (and bucking) is in reality 
fixed as much by physical as by purely electrical conditions. 

A third limitation is found in blackening and burning of com- 
mutators, burning and honeycombing of brushes, etc. These 
actions are, to a certain extent, electrical, but are partly physical 
and mechanical, as distinguished from purely electrical. 

There are many other limiting conditions dependent upon 
speed, voltage, output per pole, quality or kind of materials 
used, etc. As indicated before, these cannot all be treated 
separately and individually, as they are too closely related to 
other characteristics and limitations. 


COMMUTATION AND COMMUTATION Limits 


In dealing with the limits of commutation, it is unnecessary 
to go into the theory of commutation, except to indicate the 
general idea upon which the following treatment is based. This 
has been given more fully elsewhere,* and therefore the following 
brief treatment will probably be sufficient for all that is required 
in this paper. 

In this theory it is considered that the armature Winding as a 
whole tends to set up a magnetic field when carrying current, 
and that the armature conductors cutting this magnetic field 


*A Theory of Commutation and Its Application to Interpole Machines, 
by B. G. Lamme, A. I. E. E. Trans., Vol. XXX, 1911, p. 2359. 
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will generate e.m.fs. just as when cutting any magnetic field. 
From consideration of the armature magnetomotive force alone, 
the flux or field set up by this winding would have a maximum 
value over those armature conductors which are connected to 
the brushes. If the magnetic conditions or paths surrounding 
the armature were equally good at all points, this would be true. 
However, with the usual interpolar spaces in direct-current 
machines, the magnetic paths above the commutated coils are 
usually of higher reluctance than elsewhere. However, what- 
ever the magnetic conditions, the tendency of the armature 
magnetomotive force is to establish magnetic fluxes, and, if 
any field is established in the commutating zone by the armature 
winding, then those armature coils cutting this field will have 
e.m.fs. generated in them proportional to the field which is cut. 
As part of this armature flux is across the armature slots them- 
selves, and part is around the end windings, both of which are 
practically unaffected by the magnetic path in the interpolar 
space above referred to, obviously, then no matter how poor the 
magnetic paths in the interpolar space above the core may be 
made, there will always be e.m.fs. generated on account of that 
part of the armature flux which is not affected by those paths. 
In the coils short circuited by the brushes, these e.m.fs. will 
naturally tend to set up local or short-circuit currents during the 
interval of short circuit. 

In good commutation, as the commutator bars connected to 
the two ends of an armature coil which is carrying current in a 
given direction, pass under the brush, the current in the coil 
itself should die down at practically a uniform rate, to zero value 
at a point corresponding to the middle of the brush, and it should 
then increase at a uniform rate to its normal value in the opposite 
direction by the time that the short circuit is opened as the coil 

«passes from under the brush. This may be considered as the 
ideal or straight line reversal or commutation which, however, 
is only approximated in actual practise. This gives uniform 
current distribution over the brush face. 

If no corrective actions are present, then the coil while under 
the brush tends to carry current in the same direction as before 
its terminals were short-circuited. In addition, the short-circuit 
current in the coil, due to cutting the armature flux, tends to add 
‘to the normal or work current before reversal occurs. The 
resultant current in the coil is thus not only continued in the 
same direction as before, but tends to have an increased value. 
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Thus the conditions at the moment that the coil passes out from 
under the short-circuiting brush are much worse than if no short- 
circuit current were generated. The reversal of the current 
would thus be almost instantaneous instead of being gradual as 
called for by the ideal commutation, and the resultant current 
reversed much greater than the work current alone. However, 
the introduction of resistance into the local circuit will greatly 
assist in the reversal as will be illustrated later. The ideal condi- 
tion however, is obtained by the introduction of an opposing 
emf. into the local short-circuited path, thus neutralizing the 
tendency of the work current to continue in its former direction. 

As this opposing e.m.f. must be in the reverse direction to 
the short circuit e-m.f. which would set up by cutting the arma- 
ture magnetic field, it follows that where commutation is accomp- 
lished by means of such an e.m.f. it is necessary to provide a 
magnetic field opposite in direction to the armature field for 
setting up the commutating current. This may be obtained in 
various ways, such as shifting the brushes forward (or backward) 
until the commutated coil comes under an external field of the 
right direction and value, which is the usual practise in non- 
commutating pole machines; or a special commutating field of 
the right direction and value may be provided, this being the 
practise in commutating pole and in some types of compensated 
field machines. When the commutating emf. is obtained by 
shifting the commutated coil under the main field, only average 
conditions may be obtained for different loads; whereas, with 
suitable commutating poles or compensating windings, suffi- 
ciently correct commutating e.m.fs. can be obtained over a 
very wide range of operation. _ 

In practise, it is difficult to obtain magnetic conditions such 
that an ideal neutralizing e.m.f. is generated. However, the use 
of a relatively high resistance in the short-circuited path of the 
commutated coil very greatly simplifies the problem. If the 
resistance of the coil itself were the only limit, then a relatively 
low magnetic field cut by the short-circuited coil would generate 
sufficient e.m.f. to circulate an excessively large local current. 
Since such current might be from 10 to 50 times as great as the 
normal work current, depending upon the size of machine, it 
would necessarily add enormously to the difficulties of commuta- 
tion whether it is in the same direction as the work current or is 
in opposition. ‘To illustrate the effect of resistance, assume, for 
example, a short circuit e.m.f. in the commutated coil of two 
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volts, and also assume that a copper brush of negligible resist- 
ance short circuits the coil, so that the resistance of the short- 
circuited coil itself practically limits the current to a value 20 
times as large as the work current. Now replace this copper 
brush with one giving about 20 times as large a resistance (some 
form of graphite or carbon brush) then the total resistance in 
circuit is such that the short-circuit current is cut down to a 
value about equal to that of the work current. This at once 
gives a much easier condition of commutation, even without any 
reversing field; while with such field, it is evident that extreme 
accuracy in proportioning is not necessary. Thus a relatively 
high resistance brush—or brush contact, rather—is of very great 
help in commutation; especially so in large capacity machines 
where the coil resistance is necessarily very low. In very small 
machines, the resistance of the individual armature coils has 
quite an influence in limiting the short circuit current. 

It is in its high contact resistance that the carbon brush is 
such an important factor in the commutating machine. Usually, 
it is the resistance of the brush that is referred to as an important 
factor in assisting commutation. In reality, it is the resistance 
of the contact between the brush and commutator face which 
must be considered, and not that of the brush itself, which usually 
is of very much lower resistance, relatively. As this contact re- 
sistance or drop will be referred to very frequently in the fol- 
lowing, and as the brush resistance itself will be considered 
in but a few instances, the terms ‘‘ brush resistance’? and 
“brush drop ”’ will mean contact resistance and contact drop 
respectively, unless otherwise specified. 

Short-Circuit Volts per Commutator Bar. As stated before 
the armature short-circuit e.m.f. per coil, or per commutator 
bar, is due to cutting a number of different magnetic fluxes, such. 
as those of the end windings, -those of the armature slots, and 
those over the armature core adjacent to the commutating zone. 
Each of these fluxes represent different conditions and distri- 
butions, and therefore the individual e.m.fs. generated by them 
may not be coincident in time phase. Therefore, the resultant 
e.m.f. usually may not be represented by any simple graphical 
or mathematical expression. 

When an external flux or field is superimposed on the armature 
in the commutating zone, it may be considered as setting up an 
additional e.m.f. which may be added to, or subtracted from, 
the resultant short-circuit e.m.f. due to the armature fluxes. 
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These component e.m.fs. are not really generated separately 
in the armature coils, for the external flux combines with part 
of the armature flux, so that the armature coil simply generates 
an emf. due to the resultant flux. However, as part of the 
armature short circuit e.m.f. is generated by fluxes which do not 
combine with any external flux, as in the end winding, for in- 
stance, it follows that, to a certain extent, separate e.m.fs. are 
actually generated in the armature winding in different parts of 
the coil. For purposes of analysis, there are advantages in 
considering that all the e.m.fs. in the short-circuited armature 
coil are generated serarately by the various fluxes. A better 
quantitative idea of the actions which are taking place is thus 
obtained, and the permissible limitations are more easily seen. 
In the following treatment, these component e.m.fs. will be 
considered separately. As that component, due to cutting the 
various armature fluxes, will be referred to very frequently 
hereafter, it will be called the ‘‘ apparent ’”’ armature short 
circuit e.m.f. per coil, or in abbreviated form, ‘‘ the apparent 
short circuit e.m.f.” In practise, on account of the complexity 
of the separate elements which make up the apparent short 
circuit e.m.f., it is very difficult, or in many cases, impossible, 
to entirely neutralize or balance it at all instants by means of an 
e.m.f. generated by an extraneous field or flux of a definite distri- 
bution. Therefore, it should be borne in mind that, in practise, 
only an approximate or average balance between the two com- 
ponent e.m.fs. is possible. With such average balance there are 
liable to be all sorts of minor pulsations in e.m.f. which tend to 
produce local currents and which must be taken care of by means 
of the brush resistance. Pulsations or variations in either of the 
component e.m.fs. are due to various minor causes, such as the 
varying magnetic conditions which result from a rotating open 
slot armature, from cross magnetizing and other distorting effects 
under the commutating poles, variations in air-gap reluctance 
under the commutating poles, pulsations in the main field reluc- 
tance causing development of secondary e.m.fs. in the short- 
circuited coils, etc. Some of these conditions are liable to be 
present in every machine; some which would otherwise tend to 
give favorable conditions as regards commutation, are partic- 
ularly liable to set up minor pulsations in the short circuit e.m.f. 
Therefore, brushes of high enough resistance to take care of the 
short circuit e.m.f. pulsations are a requisite of the present types 
of d-c. machines, and it may be assumed that there is but little 
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prospect of so improving the conditions in general that relatively 
high resistance brushes, or their equivalent, may be discarded. 
It is only on very special types of machines that low resistance 
brushes can be used. 

With ideal or perfect commutation, the two component e.m.fs. 
in the short circuited coil should balance each other at all times. 
However, as stated before, this condition is never actually ob- 
tained, and the brush resistance must do the rest. With ideal 
commutation, the current distribution over the brush contact 
face should be practically uniform, and a series of voltage read- 
ings between the brush tip and commutator face should show 
uniform drops over the whole brush face. In most cases in 
practise however, such voltage readings will be only averages. 
For example, instead of a contact drop of one volt at a given 
point, the actual voltage may be varying from zero to two volts, 
or possibly from minus one volt to plus three volts. These 
pulsating e.m.fs. will result in high-frequency local currents, 
which have only a harmful influence on the commutation and 
commutator and brushes. These pulsations may be assumed 
to be roughly related in value to the apparent short-circuit 
volts generated by the armature conductor. In other words, 
the higher the apparent short-circuit volts per conductor, the 
larger these pulsations are liable to be. As the currents set up 
by these pulsations must be limited largely by the brush contact 
resistance, it is obvious that there is a limit to the pulsations 
in voltage, beyond which the current set up by them may be 
harmful. A very crude practise, and yet possibly, the only 
fairly safe one, has been to set an upper limit to the apparent 
short circuit volts per bar, this limit varying to some extent with 
the conditions of service, such as high peak loads of short dura- 
tion, overloads of considerable period, continuous operation, etc. 
Experience has shown that in commutating pole machines, the 
apparent short-circuit voltages per turn may be as high as four 
to four-and-one-half volts, with usually but small evidence of 
local high frequency currents, as indicated by the condition of 
the brush face. If this polishes brightly, and the commutator 
face does not tend to ‘‘ smut,’’ then apparently the local currents 
are not excessive. However, in individual cases, the above 
limits have been very considerably exceeded in continuous opera- 
tion, while, in exceptional cases, even with apparently well 
proportioned commutating poles, there has been evidence of 
considerable local current at less than four volts per bar. 
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The contact drop between brush and commutator with the 
usual brushes is about 1 to 1.25 volts. As is well known, this 
drop is not directly proportional to the current, but increases 
only slowly with very considerable increases in current density 
at the brush contact. For instance, with 20 amperes per sq. in. 
in a given brush, the contact drop may be one volt; at 40 amperes 
per square inch, it may be 1.25 volts, while at 100 amperes per 
square inch, it may be 1.4 volts, and, with materially higher 
currents, it may increase but little further. This peculiar prop- 
erty of the brush contact is, in some ways, very much of a dis- 
advantage. For instance, if the local currents are to be limited 
to a comparatively low density, then necessarily the voltages 
generating such currents must be kept comparatively low. With 
the above brush contact characteristics, two volts would allow 
a local current of 20 amperes per square inch to flow (there being 
one volt drop from brush to commutator and one volt back to 
the brush). If, however, the local voltage is three volts instead 
of two, or only 50 per cent higher, then a local current of possibly 
150 to 200 amperes per square inch may flow, and this excessive 
current density may destroy the brush contact, as will be de- 
scribed later. 

It may be assumed in general that the lower the apparent short- 
circuit voltage per armature conductor, the lower the pulsations 
in this voltage are liable to be. Assuming therefore, as a rough 
approximation, a 50 per cent pulsation as liable to occur, then, 
from the standpoint of brush contact drop, the total apparent 
voltage of the commutated coil in continuous service machines 
should not be more than 4 to 44 volts, which accords pretty well 
with practise. For intermittent services, such as railway, 
materially higher voltages are not unusual. 

As the main advantage of the carbon brush is that it determines 
or limits the amount of short-circuit current, it might be ques- 
tioned whether such advantage might not be carried much fur- 
ther by using higher short-circuit voltages and proportionately 
greater resistance. However, there are reasons why this cannot 
be done. The carbon brush is a resistance in the path of the 
local current, but it is also in the path of the work current. As 
the brush resistance is increased, the greater is the short-circuit 
voltage which canbe taken care of with a given limit in short-circuit 
current, but at the same time, the loss due to the work current is 
increased. Decreasing the resistance of the brush contact in- 
creases the loss due to the short-circuit current, but decreases 
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that due to the work current. Thus, in each individual case, 
there is some particular brush resistance which gives minimum 
loss. However, this may not always be the resistance desired 
for best commutation, from the operating standpoint, but these 
two conditions of resistance appear to lie fairly close together. 
Practise is a continual compromise on this question of brush con- 
tact resistance. In some machines, a low-resistance brush is 
practicable, with consequent low loss due to work current. - In 
other cases, which, to the layman, would appear to be exactly 
similar, higher resistance brushes give better average results. 
Thus one grade of carbon brush is not the most suitable for dif- 
ferent machines unless they have similar commutating condi- 
tions. However, it is impracticable to design all machines of 
different speeds, types, or capacities so that they will have equal 
commutating characteristics. In non-commutating pole ma- 
chines where only average commutating fluxes are obtainable, 
the resistance of the brush is usually of more importance than 
in the commutating pole type, for, in the latter, a means is pro- 
vided for controlling the value of the short-circuit current. How- 
ever, advantage has been taken of this latter fact to such an 
extent in modern commutating pole machines, that the critical 
or best brush resistance has again become a very important 
condition of design and operation. 

“Apparent” Short-Circuit E.M.F. per Brush. The preceding 
considerations lead up to another limitation, namely, the total 
e.m.f. short-circuited by the brush. This again may be considered 
as being made up of two components,—the apparent short- 
circuit e.m.f. per bar times the average number of bars covered 
by the brush, hereafter called ‘‘ The apparent short-circuit 
e.m.f. per brush ’’; and the e.m.f. per bar generated by the com- 
mutating field, times the average number of bars covered by 
the brush. 

As has been shown, ordinary carbon brushes can short-circuit 
2 to 23 volts without excessive local current. Obviously, if the 
resultant e.m.f. generated in all the coils short-circuited by the 
brush—that is, the resultant of the short-circuit e.m.fs., due to 
both the armature and the commutating field—is much larger 
than 23 volts, large local currents will flow. Therefore,in a 
commutating pole machine, for instance, the strength of the 
commutating pole field should always be such that it also 
neutralizes the total short-circuit e.m.f. across the brush within 
a limit represented by the brush contact drop, in order to keep 
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within the limits of permissible local currents. With very 
low resistance brushes, the proportioning of the commutating 
field for neutralization of the apparent brush e.m.f. would 
have to be much closer than with higher resistance brushes. 
Moreover, not only should this e.m.f. generated by the com- 
mutating flux balance the total short-circuit voltage across the 
brush within these prescribed limits, but these limits should 
not be exceeded anywhere under the brush. 

It might be assumed that if there is a pulsation of two volts 
per coil, for instance, then the total pulsation would be equal 
to this value times the average number of coils short-circuited. 
However, this in general is not correct, as the e.m.f. pulsations 
for the different coils are not in phase, and their resultant may 
be but little larger than for a single coil. 

Based upon the foregoing considerations, the limiting values 
of the apparent brush e.m.f. may be approximated as follows: 
Assume ordinary carbon brushes with 1 to 1} volts drop with 
permissible current densities—that is, with 2 to 23 volts oppos- 
ing action as regards local currents. Also, assume, for example, 
an apparent brush short-circuit e.m.f. of 5 volts, with brush ~ 
resistance sufficient to take care of 24 volts. Then the total 
e.m.f. due to the commutating flux need not be closer than 50 
per cent of the theoretically correct value, with permissible 
local currents. This is a comparatively easy condition, for it 
is a relatively poor design of machine in which the commutating 
pole strength cannot be brought within 50 per cent of the right 
value. Assuming, next, an apparent brush e.m.f. of 10 volts, . 
then the commutating pole must be proportioned within 25 
per cent of the right value. In practise, this also appears to 
be feasible, without undue care and refinement in proportion- 
ing the commutating field. If this machine never carried any 
overload, this 25-per cent approximation would represent a 
relatively easy condition, for experience has shown that pro- 
portioning within 10 per cent is obtainable in some cases, which 
should allow an apparent brush e.m.f. of 25 volts as a limit. 
However, experience also shows that this latter is a compara- 
tively sensitive condition, which, while permissible on short 
peak loads, is not satisfactory for normal conditions. Where 
such close adjustment is necessary to keep within the brush 
correcting limits, any rapid changes in load are liable to result 
in sensitive commutating conditions, for the commutating pole 
flux does not always rise and fall exactly in time with the arma- 
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ture flux, and thus momentary unbalanced conditions of pos- 
sibly as high as 10 or 12 volts might occur with an apparent 
brush e.m.f. of 25 volts. Also, very slight saturation in the 
commutating pole magnetic circuit may have an unduly large 
influence on unbalancing the e.m.f. conditions. In other words, 
the apparent brush short-circuit and neutralizing em.fs. must 
not be unduly high compared with the permissible corrective 
drop of the brushes. Experience shows that an apparent e.m.f. 
of 10 volts across the brush in well designed commutating pole 
machines is usually very satisfactory, while, in occasional cases, 
12 to 13 volts allow fair results on large machines, and, in rare 
cases, as high as 15 to 18 volts has been allowed on small ma- 
chines at normal rating. However, overloads, in some cases, 
limit this permissible apparent brush voltage. As a rule, 30 
volts across the brush on extreme overload is permissible, 
but, usually this is accompanied by some sparking, usually 
not of avery harmful nature if not of too long duration. Under 
such overload conditions, doubtless unbalancing of three volts 
or more may be permissible, and thus, with 30 volts to be 
neutralized, this means about 90 per cent theoretically correct 
proportioning of the commutating pole flux. Cases have been 
noted where as high as 35 to 40 apparent brush volts have been 
corrected by the commutating pole on heavy overloads with 
practically no sparking. This, however, is an abnormally good 
result, and is not often possible of attainment. Obviously,with 
such high voltages to be corrected, any little discrepancies in 
the balancing action between the various e.m.fs. are liable to 
cause excessive local current flow. 

Incidentally, the above indicates pretty clearly why d-c. 
generators are liable to flash viciously when dead _ short-cir- 
cuited. The ordinary large capacity machine can give 20 to 
30 times rated full load current on short circuit. If this large 
current flows, then, neglecting saturation, the armature short- 
circuit e.m.f. across the brush will be excessive. Assuming, 
for instance, a 10-volt limit for normal rating, then with only 
ten times full load current, the apparent short-circuit e.m.f. 
would be 100 volts. The commutating pole, in the normal con- 
struction, does not have flux margin of 10 times before high 
saturation is reached, and in consequence, it may neutralize 
only 50 to 60 volts of the 100. Therefore a resultant actual 
e.m.f. of possibly 40 volts must be taken care of by the brushes. 
This means an enormous short-circuit current in addition to 
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the 10 times work current. Vaporization of the copper and 
brushes occurs and flashing results, as will be described more 
fully in the treatment of flashing limits. 

Brush contact drops of 1 to 1.5 volts have been assumed 
in the preceding, and certain limits in the apparent short-cir- 
cuit em.f. based on these drops have been discussed. How- 
ever, the conditions may be modified to a considerable extent 
by effects of temperature upon the brush contact resistance. 
Usually it has been-assumed that the well-known decrease in 
contact resistance of carbon and graphite brushes with increase 
in temperature is in some ways related to the negative tem- 
perature coefficient of carbon and graphite. The writer has 
been among those who advanced this idea, but later experience, 
based upon tests, has shown that the reduced drop with increase 
in temperature does not necessarily hold any relation to the 
negative temperature coefficient of the carbon brush itself, for 
similar changes in the contact drop have been found with ma- 
terials other than carbon, which actually had, in themselves, 
positive temperature coefficients. Moreover, in some tests, 
the changes in contact resistance with increase in temperature 
have proved to be much greater in proportion than occurs 
in the carbons themselves. In some cases, the measured drops 
with temperature increases of less than 100 deg. cent. decreased 
to one-half or one-third of the drops measured cold. 

Obviously, these decreased contact resistances or drops may 
have a very considerable effect on the amount of local current 
which can flow and, therefore, in such case the foregoing general 
deductions should be modified accordingly. However, the 
results are so affected by the oxidation of the copper commutator 
face, and other conditions also more or less dependent upon 
temperature, that, as yet, no definite statement can be made 
regarding the practical effects of increase in temperature except 
the general one that the resistance is usually lowered to a con- 
siderable extent. Apparently, oxidation of the copper face 
tends toward higher contact resistance. Ofttimes, ‘“‘ sanding 
off” the glaze tends to give poorer commutation. The above 
points to one explanation of this. 

Assuming any desired limits for the apparent e.m.fs., such as 
4 to 43 volts per commutator bar, it is possible to approximate 
by calculation the limiting capacities of generators or motors in 
terms of speed, etc. Appendix I shows one method of doing 
this. In the writer’s experience, a number of machines have been 
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carried up to about the limits derived in the appendix, and the 
practical results were in fair accord with the calculations. In 
general, it may be said that in large machines, the upper limits 
of capacity in terms of speed, etc., are so high that they do not 
indicate any great handicap on future practise. 

In the foregoing, the limits for the apparent short-circuit e.m.f. 
per bar and per brush have been based upon the brush contact 
resistance. However, it may be suggested that something other 
than the brush contact resistance might be used for limiting the 
local current, and thus the commutating limits might be raised. 
For instance, an armature winding could be completely closed on 
itself, with high-resistance leads carried from the winding to the 
commutator bars. Each of such leads 
would be in circuit only where the 
brushes touched the commutator 
bars.” Thus there could be very con- 
siderable resistance in each lead with- 
out greatly increasing the total losses; 
and, unlike the brushes, each lead 
would be in circuit only for a very 
small proportion of the time. 

About 10 years ago, the writer de- 
signed a non-commutating pole d-c. 
turbo-generator with such resistance 
leads connected between the winding 
and the commutator. The leads were 
placed in the armature slots below the 
main armature winding. The idea was 
to have enough resistance in circuit 
with the short-circuited coils that the brushes at no load could be 
thrown well forward into a field flux séfficient to produce good 
commutation at heavy load, even if very low resistance brushes 
were used. Tests of this machine showed that the non-sparking 
range, with the brushes shifted either forward or back of the 
neutral point was very much greater than in an ordinary machine. 
In this case, it developed that the leads were of too high resistance 
for practical purposes, as the armature ran too hot, the heat-dis- 
sipating conditions in a small d-c. turbo-armature not being any 
too good at best. These tests however, indicate one possibility 
in the way of increasing the present limits of voltage per bar and 
volts across the brush. Moreover, such resistances can havea 
positive temperature coefficient of resistance, instead of the 
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negative one of the carbon brushes and contacts. Also, the 
corrective action in limiting local currents would vary directly 
with the current over any range, and not reach a limit, as in car- 
bon brushes. : 

Considerable experience with resistance leads in d-c. operation 
has also been obtained in large a-c. commutator type railway © 
motors, designed for operation on both a-c. and d-c. circuits. 
Apparently these leads have a very appreciable balancing action 
as regards division of current between brush arms in parallel. 
With but few brushes per arm, it appears that very high current 
densities in the brushes can be used without undue glowing or 
honeycombing. Presumably the reduction in short-circuit 
current, when operating on d-c., also has much to do with this. 
Some special tests were made along this line, and it was found that 
a very low resistance in the leads, compared with that which was 
best for a-c. operation, was sufficient to exert quite a decided 
balancing between the brush arms. - 

With properly proportioned resistance leads it should be pos- 
sible to use very low resistance brushes, and relatively high 
current densities. Advantage might be taken of this in various 
ways. There may prove to be serious mechanical objections to 
such arrangements. However, if the objections are not too 
serious, the use of resistance leads in this manner may be prac- 
tised at some future time as we approach more extreme designs. 


FLASHING 


One of the limits in commutating machinery is flashing. This 
may be of several kinds. There may be a large arc or flash 
from the front edge of the brush, which may increase in volume 
until it becomes a flash-over to some other part of the machine. 
Again, a flash may origimate between two adjacent bars at some 
point between the brush arms, and may not extend further, or 
it may grow into a general flash-over. Different kinds of flashes 
may arise from radically different causes, some of which may be 
normally present in the machine, while others may be of an 
accidental nature. 

Whatever the initial cause, the flash itself means vaporized 
conducting material. If the heat developed by or in this vapor 
arc is sufficient to vaporize more conducting material—that is, 
generate more conducting vapor—then the arc or flash will grow 
or continue. Thus, true flashing should be associated with 
vaporization, and, in many cases, in order to get at the initial 
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cause of flashing, it is only necessary to find the initial cause of 
vaporization. 

Arcs between Adjacent Commutator Bars. This being one of 
the easiest conditions to analyze, it will be treated first, especially 
as certain flashing conditions are dependent upon this. 

A not uncommon condition on commutators in operation is 
a belt of incandescent material around the commutator, usually 
known as ‘“‘ring fire.’’ This is really incandescent material 
between adjacent bars, such as carbon or graphite, scraped off 
the brush faces usually by the mica between bars. As the mica 
tends to stand slightly above the copper, due to less rapid ‘‘wear,”’ 
its natural action is to scrape carbon particles off the brush. 
These particles are conducting and if there is sufficient voltage, 
and current to bring them up to incandescence, this shows as a 
streak of fire around the commutator. In many cases, by its 
different intensities around the commutator, this ring fire shows 
plainly the density of the field flux, or e.m.f. distribution around 
the machine. It is practically zero in the commutating or 
neutral zone, and shows plainly under the main field. In loaded 
machines, this often indicates roughly the flux distortion. In 
machines which act alternately as motors and generators, as in 
reversing mill work, the point of highest incandescence shifts 
forward or backward over the commutator, depending upon the 
direction of field distortion. 

In undercut commutators (those with mica cut below the cop- 
per surface) this ring fire is also observable at times, due to con- 
ducting particles in the slots between bars. Usually such 
particles consist of carbon or graphite, as already stated, but 
particles of copper may also be present. Also, oil or grease, mixed 
with carbon, will carbonize under incandescence, and will thus 
add to the ring fire. Often when a commutator is rubbed with 
an oiled cloth or wiper, ring fire will show very plainly, and then 
gradually die down. The burning oil exaggerates the action, 
and also, the oil itself may enable a conducting coating to adhere 
to the mica edges, thus starting the action, which disappears 
when the oil film is burned away. However, when the oil can 
penetrate the mica, the incandescence may continue in spots and 
at intervals, the mica being calcined or burned away so that it 
gradually disppears in spots. This is the action usually called 
‘‘ pitting ’’, which experience has shown to be almost invariably 
caused by conducting material in the mica, such as carbonized 
oil, carbonized binding material, copper and carbon particles 
which have been carried in with the oil, etc. 
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This ring fire is not always a direct function of the voltage 
between bars, although, under exactly equivalent conditions of 
speed, grade of brushes, etc., it is closely allied with voltage condi- 
tions. In high voltage machines, usually hard high-resistance 
brushes are used, which tend to give off the least carbon in the 
form of particles; while in low voltage machines, soft, low-re- 
sistance brushes, with a good percentage of graphite in them, are 
common, and these naturally tend to coat the mica to a greater 
extent. 

Under extreme conditions, this ring fire may become so intense 
locally that there is an actual arc formed between two adjacent 
bars, due to vaporization of the copper. This may show in the 
form of minute copper beads at the edge of the bar, or minute 
“pits ’’ or ‘ pockets ’’ may be burned in the copper next to the 
mica. In extreme cases, where the voltage between bars is 
sufficient to maintain an arc, conical shaped 
cavities or holes may be burned in the | | | | | | | 
copper. In such cases, the arc is usually 
explosive, resembling somewhat a small 
“buck-over.’’ An examination of the com- 
mutator will show melted-out places, as in 
Fig. 2. Part of the missing copper has 
been vaporized by the arc, while part may 
have become so softened or fused that it is 
thrown off by centrifugal force. Exper- 
ience shows that sometimes these explosives 
arcs grow into general flashes, while at other times, they are 
purely local. 

An extended study was made of such arcs to determine the 
conditions which produced them. Also, numerous tests were 
made, the results of which are given below. 

It was determined first that these explosives arcs between 
adjacent bars were dependent, in practically all cases, upon a 
fairly high voltage between bars. This was reasonable to expect, 
but it was found that the voltage between bars which would 
produce arcs in one case, would not do so in another. Apparently 
there were other limiting or controlling conditions. It developed 
that the resistance of the armature winding between two adja- 
cent bars has much to do with the arc. Apparently an excessive 
current is necessary to melt a small chunk out of a mass of good 
heat-conducting material like a large copper commutator; and 
also, a certain amount of time is required to bring it up to the 
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melting point. Therefore, both time and current are involved, 
as well as voltage. A series of tests was made to determine'some 
of the limiting conditions. 4 

The commutator of a small machine (about 20 kw., high speed) 
was sprinkled with iron filings, fine dust, etc. during several 
days’ operation under various conditions of load, field distortion, 
etc. Such dust, whether conducting or not, apparently would not 
cause arcing between bars. Graphite was finally applied with a 
special “‘ wiper,’’ and with this, small arcs or flashes could be 
produced at 50 to 60 volts maximum between commutator bars. 
It soon became evident that this was too small a machine from 
which todraw conclusions. Thennumerous other much larger gen- 
eratorsweretested. A low-speed engine type generator of 200-kw. 
capacity at 250 volts, was speeded up to about double speed, 
in order to obtain sufficiently high e.m.f. between commutator 
bars. With a clean commutator nothing was obtained at 40 
volts maximum per bar. The commutator was then wiped with 
a piece of oily waste which had been used to wipe off other com- 
mutators. Arcs then occurred repeatedly between commutator 
bars, although all such arcs were confined to adjacent bars and 
there were no actual flashovers from brush holder to brush holder. 
Moreover, the arcs always appeared to start about midway 
between brush arms or neutral points, and lasted only until the 
next neutral point was reached. Quite large pits or cavities 
were burned in the bars next to the mica, as shown in Fig. 2. 
some of these being possibly 7 inch in width, and 1/16 inch deep 
or more at the center. This indicated excessively large currents. 
These arcs would develop at about 32 to 34 volts between bars, 
and they were very vicious (explosive) above 35 volts. 

Still larger machines were tested with various speeds, voltage 
between bars, etc. It was found that, as a rule, the larger the 
machine—or rather, the lower the resistance of the armature 
winding per bar—the lower would be the voltage at which serious 
arcing would develop. In these tests, it was found that graphite 
mixed with grease gave the most sensitive arcing conditions. 

In these various tests, no arcing between bars was developed 
in any case at less than 28 volts maximum, while 30 volts was 
approximately the limit on many machines. However, the 
results varied with the speed. Apparently it took a certain time 
to raise the incandescent material to the arcing point and to build 
up a big arc. Therefore, the duration of the possible arcing 
period appeared to be involved. If this were so, then a higher 
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voltage limit for a shorter time should be possible with the same 
arcing tendency. Also, if this were the case, then with 30 volts 
maximum, for instance, between commutator bars with an un- 
distorted field flux, the arcing should be the same as with a some- 
what higher voltage with a highly distorted narrow peaked field. 
In other words, the limiting voltage between bars on a loaded. 
machine might be somewhat higher than on an unloaded machine. 
This was actually found to be the case, the difference being from 
10 per cent to 15 per cent in several instances. This, however, 
depended upon various limiting conditions such as the actual 
period within which the arc could build up to a destructive 
point, etc. ; 

One very interesting case developed which apparently illus- 
trated very beautifully the effeets of lengthening or shorten- 
ing the period during which the arc could occur. A high-speed, 
600-volt generator of a motor-generator set was speeded up 
about 60 per cent above normal. Even at normal speed this 
was a rather high-frequency machine, so that the period of 
time for a commutator bar to pass from neutral point to neutral 
point was very short. At the highest speed the graphite-grease 
was used liberally on the commutator, but without causing arc- 
ing, even when the voltage was raised considerably higher 
than usually required for producing arcs between bars in other 
machines of similar size. Neither was there much ring-fire 
at the highest speed with normal voltage. Finally, after an 
application of graphite, without forming arcs or unusual ring- 
fire, the speed was reduced gradually with normal voltage 
maintained. The ring-fire increased with decrease in speed, until 
at about normal speed, it was so excessive that the on-lookers 
expected an explosion of some sort. However, the voltage 
was now below the normal arcing point and nothing happened. 
At still lower speed, but with reduced voltage on account of - 
saturation, the ring-fire gradually decreased. Apparently at 
the very high speeds, the time was too short for the ring-fire to 
reach its maximum; while with reduction in speed, even with 
somewhat reduced voltage, the ring-fire increased to a maxi- 
mum and then decreased. This test was continued sufficiently 
to be sure that it was not an accidental case. Only a certain 
combination of speed, frequency, voltage, etc., could develop 
this peculiar condition, and it was purely by accident that 
this combination was obtained, for the result was not foreseen 
in selecting the particular machine used, 
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A summation of these and other tests led to the conclusion 
that there were pretty definite limits to the maximum volts 
per bar, beyond which it was not safe to go. These limits 
however, involved such a number of conditions that no fixed 
rule could be established, and apparently, the designer has 
to use his judgment and experience to a certain extent, if he 
works very close to the limits. The grades and materials of 
the brushes, the thickness of the mica, flux distortion from over- 
loads, etc. must be taken into account. For instance, the above 
tests were made on machines with 1/32-inch mica between bars. 
This thickness is fixed, to a great extent, in non-undercut 
commutators, by conditions of mica wear, as will be referred 
to later. But with undercut commutators, thicker mica can 
be used, and, while the gain in permissible safe voltage between 
bars is not at all in proportion to the mica thickness, yet it is 
enough to deserve consideration. 

The general conclusions were that with 1/32-inch mica, 
large current machines would very rarely flash with 28 volts 
maximum between bars; while with moderate capacities, 30 
volts is about the lower limit; and with still smaller machines, 
100 kw. for example, this might be as high as 33 to 35 volts, 
the limit rising to 50 or 60 volts with very small machines. 

Of course, the brush conditions have something to do with 
the above limits, and many exceptions to these figures will be 
found in actual practise. Many machines are in daily service 
which are subject to more or less ring-fire, but which have never 
developed trouble of any sort, and doubtless never will. Ap- 
parently, ring-fire in itself is not harmful, as arule. It is only 
where it starts some other trouble that it may be considered as 
actually objectionable. 

The above limiting figures are interesting when compared 
with the voltages necessary to establish arcs in general. An 
alternating arc through air will not usually maintain itself at 
less than some limiting voltage such as 20 to 25 volts, corres- 
ponding to peak values of 28 to 35 volts. Moreover, an arc 
formed between the edges of two insulated bodies, such as ad- 
jacent commutator bars, will naturally tend to rupture itself 
due to the shape of its path. Furthermore, the resistance and 
reactance of the short_circuited path, while comparatively low 
in large machines, will tend to limit the voltage which main- 
tains the arc. In small machines with relatively high internal 
drops in the short-circuited coils, the current will not reach a 
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commutator vaporizing value unless the initial voltage between 
bars is comparatively high, and usually the explosive actions 
are relatively small, and, in many cases, no serious arcs will 
develop at all. Obviously, the less the local current can in- 
crease in the case of short circuits between adjacent bars, the 
higher the voltage between bars can be, without danger. In 
machines having inherent constant current characteristics, very 
high voltages between adjacent commutator bars are possible 
without serious flashing or burning. In consequence, from the 
flashing standpoint, constant current machines can be built for 
enormously high terminal voltages, compared with constant 
potential machines. This is a point which is very commonly 
overlooked in discussing high-voltage d-c. machines. 

Coming back to the subject of arcs between commutator 
bars, these are more common than is usually supposed, for, 
in many cases, the operating conditions are such that these 
arcs, if very small, or limited, will show no visible evidence. 
Only very minute particles of copper may be vaporized. How- 
ever, these minute arcs may sometimes lead directly to more 
serious flashing. If, for instance, they occur in proximity to 
some live part of the machine, such as an over-hanging brush 
holder whichis at a considerable difference of potential from 
the arcing part of the commutator, the conducting vapor may 
bridge across and start a big arc or flash. In one instance, 
which the writer has in mind, a very serious case of trouble 
occurred in this way. This was a very large capacity 250- 
volt, low-speed, generator, in which the maximum volts per 
bar were not unduly high. When taking the saturation curve 
in the shop test, this machine “ bucked” viciously several 
times, apparently without reason. An investigation of the 
burning indicated a possible source of trouble. The brush 
holder arms or supports to which the individual holders were 
attached, were located over the commutator about midway 
between neutral points, and, about one inch from the com- 
mutator face. This was not the normal position of the brush 
arms, as a temporary set of holders was being used for this test. 
It was noted that just before the flashovers occurred, con- 
siderable ring-fire developed. The conclusion was drawn from 
all the evidence that could be obtained, that a small arc had 
formed between bars that had reached to the brush arms, thus 
short circuiting a high enough voltage to draw a real flash. 
This happened not once but several times. The proper holders 
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were then applied, which put the brush arms in a much less 
exposed position, and not a single flashover occurred in al] the 
subsequent tests and operation. In another case, a large syn- 
chronous converter carrying full load on shop test flashed over 
a number of times, apparently without sufficient cause. The 
commutation was perfect, as evidenced by the fact that there 
was no perceptible sparking. The maximum voltage between 
bars was comparatively low. At first the flashovers were 
blamed on drops of water from the roof of the building, but 
this theory was soon disproved. An examination of the brush 
holders showed that certain live parts, fairly close to the com- 
mutator, were at a considerable difference of potential from the 
nearest part of the commutator. There was but little ring- 
fire on the commutator, and therefore, minute arcs at first were 
not blamed for the trouble. A modified brush holder was tried 
however, with a view to decreasing the high difference of poten- 
tial between the live parts. All flashing then disappeared. and 
no trouble of this sort was ever encountered in a large number 
of duplicate machines brought through afterwards. Both the 
above cases should be considered as abnormal, and they have 
been selected simply as examples of what small arcs between 
bars may do. These two cases do not in themselves constitute 
a proof of this action, but they serve to verify other evidences 
which have been obtained. 

In view of the fact that small arcs of a non-explosive sort 
may form at voltages considerably lower than the limits given 
in the preceding part of this paper, it should be considered 
whether such small arcs can cause any trouble if no other live 
parts of the machine are in close proximity. One case should 
be eonsidered, namely, that of other commutator bars adjacent 
to the arc. When conducting vapor is formed by the first 
minute arc, this vapor in spreading out may bridge across a 
number of commutator bars having a much higher total differ- 
ence of potential across them than that which caused the initial 
arc. Assume, for instance, a very crowded design of high- 
voltage commutator. In some cases, in order to use high rota- 
tive speeds, without unduly high commutator peripheral speed, 
the commutator bars are sometimes made very thin and the 
volts per bar very high, possibly up almost to the limit. As- 
suming a thickness of bar and mica of 0.2 inch (or 5 bars per 
inch) and a maximum volts per bar of 25, then there is an e.m.f. 
of 125 volts per inch circumference of the commutator, In such 
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case, a small arc between two bars may result in bridging across 
a comparatively high voltage through the resulting copper 
vapor. Therefore, when considering the possible harmful effects 
of minute arcs, the volts per inch circumference of the commuta- 
tor should be taken into consideration. The writer observed 
one high-voltage commutator which flashed viciously at times, 
apparently without ‘ provocation.” The only explanation he 
could find was that the vapor from little arcs resulting from 
ringfire was sufficient to spread all over the commutator, the 
bars being very thin and the voltage per bar very high. How- 
ever, difficulties from this cause have not yet become serious, 
probably because no one has yet carried such constructions to 
the extreme, in practical work. 

High voltage between commutator bars may result in flash- 
ing due to other than normal operating conditions. Excessive 
overloads may give such high voltages per armature coil or per 
commutator bar, immediately under the brush, that the terrific 
current rush will develop conducting vapors under the brush, 
which appear immediately in front of the brushes, as such vapors 
naturally are carried forward by rotation of the commutator. 
This short circuit condition under the brush has already been 
referred to when treating of commutation limits. It was shown 
then that an inherent short circuit voltage of 4 to 44 volts is 
permissible in good practise. Immediately under the com- 
mutating pole this voltage is practically neutralized by the 
commutating pole field, but immediately ahead or behind the 
pole it is not neutralized usually, except to the extent of the 
commutating pole flux fringe. Thus, the resultant voltage 
between two bars a little distance ahead of the brush, is liable 
to be considerably higher than under the brush. Assumniing, 
for instance, 34 volts per bar, due to cutting the resultant field 
just ahead of the brush, then with 10 times full load current, 
for example, there would be 35 volts between bars, and this is 
liable to be accompanied by highly conducting vapor formed 
by the excessive current at the brush contact, this vapor being 
carried forward by rotation of the commutator. Here are the 
conditions for a flash, which may or may not bridge across to 
some other live part. If the current rush is not too great, this 
flash will usually appear only as a momentary blaze just in 
front of the brush. In many cases, if this blaze or heavy arc 
were not allowed to come in contact with, or bridge between, 
any parts having high difference of potential, it would not be 
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particularly harmful. In case of ‘‘ dead short-circuiting”’ of 
large moderately high-voltage machines where the current can 
rise to 25 or 30 times normal, it is astonishing how large such 
arcs or flashes may become, and to what distances they will 
reach. The arc will sometimes go in unanticipated directions. 
The conducting vapor may be deflected by magnetic action 
and by air drafts. Shields or partitions will sometimes pro- 
duce unexpected results, not necessarily beneficial. Unless 
such shields actually touch the commutator face so that con- 
ducting vapor cannot pass underneath them, the vapor that 
does pass underneath may produce just as harmful results as 
if the shields were not used. Trying to suppress such arcs by 
covers or shields is very much the case of damming a river at 
the wrong end in order to prevent high water. 

From the preceding considerations it would appear that a 
compensated direct-current machine should have some ad- 
vantages over the straight commutating-pole type in case of a 
severe short circuit. With the lesser saturation in the com- 
mutating pole circuit due to the lower leakage, the apparent 
armature short circuit e.m.f. will usually be better neutralized 
under extreme load coriditions, and thus there will be lower 
local currents in the brush contacts. In addition, the armature 
flux will be practically as well neutralized behind and ahead 
of the brush, as it is under the brush, so that, with ten times 
current as in the former example, there may be only a low 
e.m.f. per bar ahead of the brush, instead of the 35 volts for, 
the former case. Obviously, the initial flashing cause, and the 
tendency to continue it ahead of the brush, will be materially 
reduced. The compensating winding is. therefore particularly 
advantageous in very high voltage generators, in which the 
bars are usually very thin and the maximum volts per bar are 
high. 

There is a prevailing opinion that when a circuit breaker 

opens on a very heavy overload or a short circuit, flashing is 
“liable to follow from such interruption of the current. In some 
cases, this may be true. However, when a breaker opens on 
a short circuit, it is difficult for the observer to say whether both 
the opening of the breaker and the flash are due to the excessive 
momentary current, or one is consequent to the other. The 
short circuit, if severe, will most certainly cause more or less 
of a flash at the brush contacts by the time the breaker is opened, 
and if this flash is carried around the commutator, or bridges 
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across two points of widely different potentials, then it is liable 
to continue after the breaker opens, and thus gives the im- 
pression that the flashing followed the interruption of the cir- 
cuit. In railway and in mine work in particular, a great many 
flashes which are credited to overloads are primarily caused by 
partial short circuits on the system, or “ arcing shorts,’’ which 
are extinguished as soon as the main breakers are opened, so 
that but little or no evidence of any short circuit remains. 
Such a partial short circuit, however, may be sufficient to open 
the generator circuit and to cause a flash at the same time. 
Not infrequently, such flashes are simply credited to opening 
of the breakers. 

There are other conditions, however, where a flash is liable 
to result directly from opening the breaker on heavy overload. 
If, as referred to before, the apparent short circuit e.mf. per 
brush on heavy overload is from 25 to 35 volts, then if the 
armature magnetomotive force could be interrupted suddenly, 
with a correspondingly rapid reduction in the armature flux, 
while the commutating field flux does not die down at an equally 
rapid rate, then momentarily, there will be an actual short 
circuit voltage of a considerable amount under the brushes 
which may be sufficient to circulate large enough local currents 
to start. flashing. With commutating pole machines, this con- 
dition may result from the use of solid poles and solid field 
yokes. Laminated commutating poles are sometimes very much 
ef an improvement. However, the yokes of practically all 
direct current machines are of solid material, and thus tend to 
give sluggishness in flux changes. The above explains why non- 
inductive shunts, or any closed circuits whatever, are usually 
objectionable on commutating poles or their windings. 

In non-commutating pole machines, where the brushes are 
liable to be shifted under the main field magnetic fringe in 
order to commutate heavy loads, flashing sometimes results, 
when such heavy overload is interrupted. 

Also, if the rupture of the current is very sudden, there will 
be an inductive ‘kick’? from the collapse of the armature 
magnetic field. This rise in voltage sometimes is sufficient to 
start a flash, especially in those cases where flashing limits are 
already almost reached. 

In synchronous converters, the conditions are materially 
different from d-c. generators as regards flashing when the 
load is suddenly broken. In such machines, the flash is liable 
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to follow the opening of the breaker, if simply a heavy over- 
load is interrupted. This is possibly more pronounced in the 
commutating pole machine than in the non-commutating pole 
type. In a commutating pole converter, the commutating 
pole magnetomotive force is considerably larger than the re- 
sultant armature magnetomotive force, under normal opera- 
ting conditions, but is much smaller than the armature magneto- 
motive force considered as a straight d-c. or a-c. machine. 
Normally the commutating pole establishes a commutating 
field or flux in the proper direction in the armature. However, 
if, for any reason, the converter becomes a motor or a generator, 
even momentarily, the increased magnetomotive force of the 
armature may greatly exceed that of the commutating pole, 
so that the commutating pole flux will be greatly increased, or 
it may be greatly reduced, or even reversed, depending upon 
which armature magnetomotive force predominates. 

The above is what happens when a synchronous converter 
hunts, and under the accompanying condition of variable 
armature magnetomotive force, the commutating pole con- 
verter, with iron directly over the commutating zone, is liable 
to show greater variations in the flux in the commutating zone 
than is the case in the non-commutating pole converter. Ex- 
perience has shown that when a synchronous converter carry- 
ing a heavy overload has its direct-current circuit suddenly 
interrupted, it is liable to hunt considerably for a very short 
period, depending upon the hunting constants of the individual 
machine and circtiit. Apparently, all converters hunt to some 
extent with such change in load. This hunting means wide 
variations in the commutating pole flux with corresponding 
sparking tendencies. For a “swing” or two, this sparking 
may be so bad as to develop into a flash. Thus the flash follows 
the interruption of the circuit. 

Curiously, the most effective remedy for this condition is 
one which has proved most objectionable in d-c. machines, 
namely, a low-resistance closed electric circuit surrounding the 
commutating pole. The primary object of this remedy is not 
to form a closed circuit around the commutating field, but to 
obtain a more effective damper in order to minimize hunting. 
In a paper presented before the Institute several years ago,* 
the writer showed that the ideal type of cage winding for damp- 


*Interpoles in Synchronous Converters, by B. G. Lamme and F. D. 
Newbury, A. I. E. E. TRANs., Vol. X XIX, 1910, p. 1625. 
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ing synchronous converters, namely, that in which all circuits 
are tied together by common end rings, was not suitable for 
commutating pole converters, due to the fact that the various 
sections of this cage winding form low-resistance closed circuits 
around the commutating poles. This was in accord with all 
evidence available to that time, and no one took exception to 
it. However, later experience has shown that this was incor- 
rect, for, in later practise, it was found that the use of a complete 
cage damper of low resistance which decreases the hunting 
tendency, also greatly decreases the flashing tendency, so that 
today most converters of the commutating pole type are being 
made with complete cage dampers. Apparently, the flashing 
tendencies in converters due to hunting are much worse than 
those due to flux sluggishness. Therefore, a sacrifice can be 
made in one for the benefit of the other. 

In the case of a dead short circuit-on the d-c. side of a syn- 
chronous converter, there is liable to be flashing, just as in the 
d-c. machine, and the flash and the breaker opening are liable 
to occur so closely together that an observer cannot say which 
is first. 

In d-c. railway motors, flashing at the commutator is not - 
an uncommon occurrence. One rather common cause of flash- 
ing, especially at high speed, is due to jolting the brushes away 
from the commutator, due to rough track, etc. This is espe- 
cially the case with light spring tension on the brushes. The 
carbon breaks contact with the copper, forming an arc which 
is carried around. Another prolific source of flashing is due 
to opening and closing the motor circuit in passing over a gap 
or dead section in a trolley circuit. Here the motor current 
is entirely interrupted, and, after a short interval, it comes on 
again, without any resistance in circuit except that of the motor 
itself. If the current rush at the first moment of closing is 
not too large, and if the armature and field magnetic fluxes 
build up at the same rate, then there is usually but small danger 
of a flash, except under very abnormal conditions. The rapidly 
changing field flux however generates heavy currents under 
the brushes, thus tending toward flashing. The reactance of 
the motor, especially of the field windings, limits the first cur- 
rent rush to a great extent. According to this, closed second- 
ary circuits of low resistance around either the main poles or 
the commutating poles, should be objectionable, and experience 
bears this out. 
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In railway armatures, as a rule, fewer commutator bars per 
pole are used on the average than in stationary machines of 
corresponding capacity, except, possibly, in large capacity 
motors. This is due largely to certain design limitations in 
such apparatus, but this has doubtless been responsible for a 
certain amount of flashing in such apparatus. 

Average E.M.F. and “ FieldForm.’’ A rather common prac- 
tise has been to specify the average volts per bar in a given 
machine. This, in itself, does not mean anything, except in a very 
general way; for the limit is really fixed by the maximum volts 
per bar, as already shown, and there is no fixed relation between 
the average and the maximum volts per bar. The ratio be- 
tween these two voltages is dependent upon the field flux dis- 
tribution—that is, the ‘field form.’’ In practise, this ratio 
varies over a wide range, depending upon the preferences of 
the designer, upon limitations of pole space available, etc. 
Also, with load, it depends upon the amount of flux distortion 
of the field, which, in turn varies greatly in practise. In well 
proportioned modern machines, where space and other limita- 
tions permit, the average e.m.f. per bar is about 70 per cent 
of the maximum at no load, and about 55 per cent to 60 per 
cent with heavy load. This means that about 15 volts per 
bar, average, is the maximum permissible, in large machines 
with considerable field distortion, if a maximum of 28 volts 
per bar is not to be exceeded. On this basis, a 600-volt machine 
should therefore have not less than 40 commutator bars per 
pole. However, this is with considerable field distortion. If 
this distortion is reduced or eliminated, the average volts can 
be considerably higher, as in machines with high saturation in 
the pole faces, pole horns and armature teeth, or with com- 
pensated fields. Synchronous converters are practically self- 
compensated and can therefore have higher limits than the 
above, if the normal rated e.m.f. is never to be exceeded. How- 
~ ever, in 600-volt converter work, in particular, wide variations 
sometimes momentarily occur, up to 700 to 750 volts, and such 
machines should have some margin for such voltage swings. 
The ordinary 600-volt d-c. generator also attains materially 
higher voltages at times, which would be taken into account 
in the limiting voltage per commutator bar and the total number 
of commttator bars per pole. 

Obviously, the “ fatter” the field form, the nearer the aver- 
age voltage can approach the maximum. With an 80 per cent 


1766 LAMME: COMMUTATION [Sept. 16 


field form, instead of 70 per cent, for instance, the number of 
bars per pole can be reduced directly as the polar percentage 
is increased; and 35 bars per pole with 80 per cent would be as 
good as 40 bars with 70 per cent assuming the same percentage 
of field distortion in both cases. An increase in the polar arc 
will tend toward increased distortion, but the reduced number 
of turns per pole should practically balance this, so that, other 
things being unchanged, the flux distortion should have prac- 
tically the same percentage as before. 

In large machines of very high speeds, large polar percentages, 
—that is, large “ field form constants,” are very advantageous, 
but are not always obtainable, due to the space required for the 
commutating pole winding. In compensated field machines, 
with their smaller commutating pole windings, the conditions 
are probably best for high field form constants, and high aver- 
age volts per bar; and thus this type often lends itself very 
well to those classes of ma- 
chines where the minimum 
possible number of commu- 
tator bars is necessary. This 
is the case with very high 
speeds, and also for very high 
voltage machines. 

Usually it is considered that 
the commutating conditions 
of a machine are practically the same with the same current, 
whether it be operated as a generator or motor. However, 
when it comes to flashing conditions, there is one very consider- 
able difference between the two operations. In the d-c. gen- 
erator, the field flux distortion by the armature is such as to 
crowd the highest field density, and thus the highest volts 
per bar, away from the forward edge of the brushes. In the 
motor, the opposite is the case, and therefore there is a steeply 
rising field, and a corresponding e.m.f. distribution in front of 
the brushes. As the flash is carried in the direction of rotation 
it may be seen that, in this particular, the generator and motor 
are different. 


Press 


BLACKENING AND Burninc—HicH Mica—< Picxinc Up” 
COPPER . 

In the preceding, certain limitations of commutation and 

flashing have been treated. There are, in addition, a number 


1915] LAMME: COMMUTATION 1767 


of other conditions which are related closely to commutation, 
and which have already been touched upon to a limited extent. 
One of these is the permissible current density in the brushes 
or brush contacts. 

As brought out before, there are two currents to be con- 
sidered, namely, the work current which flows to or from the 
outside circuit, and the local or short-circuit current which is 
purely local to the short circuited coils and the brush. The 
true current density is that due to the actual resultant current 
in the brush tip or face, which is very seldom uniform over the 
whole brush tip. The ‘“‘ apparent ”’ current density is that due 
to the work current alone—assumed to be uniform over the 
brush tip. The current density very commonly has been as- 
sumed as the total work current, in and out, divided by the 
total brush section, and; moreover, this has been considered 
as the true current density, the local or short-circuit currents 
being neglected altogether. This method of considering the 
matter has been very misleading, resulting in many cases, in 
a wrong or unsuitable size of brush being used just to meet 
some specified current density. In many of the old, non-com- 
mutating pole machines, the local currents were predominant 
under certain conditions of load, for the brushes, as a rule, had 
to be set at the best average position, so that at some average 
load, the commutating conditions would be best. At higher 
and lower loads, the short-circuit currents were usually com- 
paratively large. The wider the brush contact circumferen- 
tially, the greater would be the short-circuit currents and the 
higher the actual current density at one edge of the brush, 
while the apparent density would be reduced. Thus, in at- 
tempting to meet a low specified current density, the true den- 
sity would be greatly increased. The fallacy of this procedure 
was shown in many cases in which the brush contact was very 
- greatly reduced by grinding off one edge of the brush. Very 
often, a reduction in circumferential width of contact to one- 
half resulted in less burning of the brush face. The apparent 
density was doubled but the actual maximum density was 
actually reduced. Many of these instances showed very 
conclusively that much higher true current densities were prac- 
ticable, provided the true and apparent densities could be 
brought more nearly together. This is what has been accom- 
plished to a considerable extent in the modern. well-designed 
commutating pole machine. In such machines, the current dis- 
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tribution at the brush face is nearly uniform under all condi- 
tions of load. It is not really uniform, even in the best machines; 
but the variations from uniformity, while possibly as much as 
50 per cent in good machines, is yet very small compared with 
the variation in some of the old non-commutating pole machines. 
In consequence, it has been possible to increase the apparent 
current densities in the brushes in modern commutating pole 
machines very considerably above former practise, while still 
retaining comparatively wide brush faces. In fact, the width 
of the brush contact circumferentially is not particularly limited 
if the commutating field flux can be suitably proportioned; 
that is, where a suitable width and shape of commutating field 
can be obtained. In many of the old time machines, an ap- 
parent density of 40 amperes per square inch under normal 
loads was considered as amply high, while at the present time, 
with well proportioned commutating poles, 50 per cent higher 
apparent densities are not uncommon. However, experience 
shows that the same brushes, with perfectly uniform distribu- 
tion of current at the brush face, can carry still higher currents. 
Therefore, in modern commutating pole machines, the actual 
upper limit of brush capacity is not yet attained. But there 
are reasons why this upper limit is not practicable. One reason 
is that already given, that uniform current distribution over 
the brush face is seldom found. This means that a certain 
margin must be allowed for variations. A second reason lies 
in the unequal division of current between the various brushes 
and brush arms. This may be due initially to a number of 
different causes. However, when a difference in current once 
occurs, it tends to accentuate itself, due to the negative co- 
efficient of resistance of the carbon brushes and brush contacts. 
If one of the brushes, for instance, takes more than its share of 
current for a period long enough to heat the brush more than 
the others, then its resistance is lowered and it tends to take 
still more current. If there were no other resistance in the 
current path, it is presumable that the parallel operation of 
carbon brushes would be more or less unsatisfactory. In the 
practical case, however, instead of the operation being im- 
practicable, it is merely somewhat unstable. Unequal division 
of current between the brushes on the same brush arms, is to 
some extent, dependent upon the total current per arm. Where 
there are many brushes in parallel and the total current to 
be carried is very large, it is obvious that one brush may take 
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an excessively large current without materially decreasing the 
current carried by the other brushes. As a rule, the larger 
the current per arm, the more difficult is the problem of prop- 
erly balancing or distributing the current among all the brushes. 
Schemes have been proposed, and patented, for forcing equal 
division, but, as a rule, they have not proved very practicable, 
although some comparatively simple expedients have been 
tried out with a certain degree of success. 

In the same way, the division of current among brush arms 
of the same polarity is not always satisfactory. 50 per cent 
variation of current between different arms is not very unusual, 
and the writer has seen a number of instances where the varia- 
tion has been 100 per cent, or even much more. Obviously, 
with such variation, it is not practicable to work the brushes up 
to the maximum density possible, for some margin must be 
allowed for such unbalancing. . 

Experience has shown that when current passes through 
a moving contact, as from a brush to the commutator copper, 
or vice versa, a certain action take place which resembles elec- 
trolytic action to some extent, although it is not really electro- 
lytic. It might also be said to resemble some of the actions 
which take place in an arc. Minute particles appear to be 
eaten or burned away from one contact surface, and these are 
sometimes deposited mechanically upon the opposing surface. 
The particles appear to be carried in the direction of current 
flow, so that if the current is from the carbon brush to the 
copper, the commutator face will tend to darken somewhat, 
evidently from deposition of carbon. If the current is from 
the copper to the carbon, the brush face will sometimes tend 
to take a coating of copper, while the commutator face will 
take a clean, and sometimes raw, copper appearance. As the 
current is in both directions on the ordinary commutator, this 
action is more or less averaged, and therefore is not usually 
noticed. With one polarity or direction of current, the com- 
mutator face eats away, while with the other direction, the 
brush face is eaten away and may lose its gloss. 

The above action of the current gives rise to a number of 
limiting conditions in direct-current practise. Experience shows 
that this ‘‘ eating away ” action occurs with all kinds of brushes, 
and with various materials in the commutator. It appears to 
be dependent, to a considerable extent, upon the losses at the 
contact surface, [n other words, it is dependent upon both the 
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current and the contact drop. With reduction in contact drop, 
this burning action apparently is decreased, but in commutating 
machinery, this reduction cannot be carried very far, in most 
cases, on account of increase in short circuit current, which 
nullifies the gain in contact drop. In fact, in each individual 
machine, there is some critical resistance which gives least loss 
and least burning at the contact surfaces. 

Practise has shown that this burning action is very slow at 
moderate current densities in carbon and graphite brushes— 
so slow as usually to be unnoted. However, if the actual 
current density in the brush face is carried too high, the burn- 
ing of the brushes may become very pronounced. With the 
actual work current per brush usual in present practise, the 
burning of the brush face may usually be credited to local cur- 
rents in the brushes. This is one pretty good indication of 
the presence of excessive local currents. It also indicates the 
location and direction of such currents, but is not a very exact 
quantitative measure of them. It is not uncommon, in exam- 
ining the brushes of a generator or motor, to find a dull black 
area under one edge of the brush, which obviously has been 
burned, while the remainder of the brush face is brightly polished. 
In severe cases, practically as good results will be obtained 
if the burned area is entirely cut away by beveling the edge 
of the brush: 

This eating away of either the brush face or the commutator, 
and the deposit upon the opposing face, leads to certain very 
harmful conditions in direct-current machinery. As stated 
before, if the true current density is kept sufficiently low in 
the contact face, the burning is negligibly small in most cases. 
However, where the current passes from the commutator to 
the brush, it is the commutator copper which eats away, while 
the mica between commutator bars does not eat away, but must 
be worn away at the same rate that the copper is burnt, if good 
contact is to be maintained. Let the burning of the copper 
gain ever so little on the wear of the mica, then trouble begins. 
The brush begins to “ride” on the mica edges and does not 
make true contact with the copper. This increases the burn- 
ing action very rapidly, so that eventually the mica stands 
well above the copper face. This is the trouble usually known 
as “high mica.” It is frequently credited to unequal rates 
of wear of copper and mica. This idea of unequal wear has 
been partly fostered by the fact that with relatively thick 
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mica, the action is greatly increased, or, with very thin com- 
mutator bars, with the usual thickness of the mica, the high mica 
trouble becomes more serious. In both these latter cases, it 
is the higher percentage of mica, that is, the relatively poorer 
wearing characteristics of the mica itself, which is at fault. 
But the commutator copper does not wear away. In fact, it 
is not physically possible for it to wear below the mica. It is 
“eaten away ” or burned, as described above. In some special 
cases, where this burning is unusually severe, the mica apparently 
wears down about as fast as the copper, so that the commutator 
remains fairly clean and has no particularly burnt appearance, 
but grooves or ridges, showing undue wear. But this rapid 
apparent wear is a pretty good indication that excessive burn- 
ing action is present at times, usually due to excessive local 
currents. In some cases, this burning action may be present 
only during heavy or peak loads which may be so interspersed 
with periods of light running that the true wear of the mica 
catches up with the burning of the copper. In such cases, the 
commutator may have a beautiful glossy appearance normally, 
but may wear in grooves and ridges. On account of this burn- 
ing action, practise has changed somewhat in regard to stagger- 
ing of brushes on commutators to prevent ridging between the 
brushes. Formerly, it was common practise to displace all 
the positive brushes one direction axially, and the negatives 
in the other direction, in order to have the brushes overlap. 
This, however, did not entirely prevent ridging, for the burning 
of the copper occurred only under one polarity. It is now con- 
sidered better practise to stagger the arms in pairs. 

With commutating pole machines, the true current densities 
in the brushes are carried up to as high a point as the non- 
burning requirements will permit. Reduction in local currents 
has been accompanied by increase in the work current density. 
Therefore, conditions for burning and high mica are still exist- 
‘ent, as in non-commutating pole machines. In recent years, 
a new practise, or rather an extension of an old practise, has 
been very generally adopted, namely, undercutting the mica 
between bars. In early times, such undercutting was practised 
to a certain extent, usually however, to overcome mica troubles 
principally. In the newer practise, such undercutting is pri- 
marily for other reasons, although the mica problem is partly 
concerned in it. During the last few years, extended experi- 
ence has shown that graphite brushes, or carbon brushes with 
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considerable graphite in them, are extremely good for collect- 
ing current, but on the other hand, are very poor when it comes 
to wearing down the mica, due to their softness or lack of ab- 
rasive qualities. Due to the graphite constituent, such brushes 
are largely self-lubricating, and therefore, ‘‘ride’’ more smoothly 
on the commutator than the ordinary carbon brush. They are - 
therefore much quieter, and this is a very important point with 
the present high speeds which are becoming very much the 
practise. However, by undercutting the mica, all difficulty 
from lack of abrasive qualities in the brush is overcome, and 
thus the good qualities of such brushes could be utilized. The 
advantage of self-lubricating brushes should be apparent to 
anyone who has had difficulties from c! attering and vibration 
of brushes, due to lack of lubrication. Such chattering may 
put a commutator “‘ to the bad ”’ in a short time, and the con- 
ditions become cumulatively worse. Chattering means bad 
contact between the brush and commutator, which in turn, 
means sparking and burning, which means increased chatter- 
ing or vibration. 

The above refers to burning of the commutator face. But 
such burning also may have a bad effect on the brushes. When 
the commutator copper burns away to any extent, it may de- 
posit on the brush face following the direction of the current. 
This coating on the brush face sometimes leads to serious 
trouble, by lowering the resistance of the contact surface. This 
not only allows larger short-circuit current and greater heating 
of the brush, but it makes the resistance of that particular 
path lower than that of other parallel brush paths. In con- 
sequence, the coated brush takes an undue share of the total 
current, as well as an unduly large local current. The result- 
ant heating may be such that the brush actually becomes red 
hot or glows. This heating further reduces the resistance, 
and tends to maintain the high temperatures. This glowing 
or overheating very frequently causes disintegration of the bind- 
ing or other material in the brush, so that it gradually honey- 
combs at or near its tip. This action may keep up until the 
brush makes bad contact. It may be that a similar action may 
occur coincidently on other brushes, but, there is no uniformity 
about it. This action of transferring copper to the brush is 
sometimes known as “ picking up copper.” It is not limited 
to brushes of one polarity, except where the metallic coating 
is caused primarily by the work current. Where it results from 
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high local currents, it may be on the brushes of either polarity, 
for the local currents go in and out at each brush. However, 
according to the writer’s experience, this coating is more com- 
mon on the one polarity. 

Glowing and honeycombing of brushes is not necessarily 
dependent upon the metallic coating on the brushes, although 
this latter increases the action. Anything that will unduly in- 
crease the amount of current in any brush contact for a period 
long enough to result in heating and lower contact resistance, 
with brushes in parallel, may start this glowing and honey- 
combing. It is not as common an action in modern machines 
as in old-time ones. 

As an evidence that poor contact or high contact drop tends 
to produce burning, may be cited the fact that, in many cases 
of apparent rapid wear of the commutators, such wear has 
been practically overcome by simply undercutting the mica 
and thus allowing more intimate contact between brush and 
copper. In some instances, this also lessened or eliminated 
the tendency to pick up copper. Thus undercutting has been 
very beneficial in quite a number of ways. 


NuMBER OF SLOTS, CONDUCTORS PER SLOT, ETc. 

There are certain limitations in direct-current machines, de- 
pending upon the minimum number of slots per pole which can 
be used. Provided satisfactory commutating conditions can 
be obtained, it is in the direction of economy of design to use 
a relatively low number of slots per pole, with a correspond- 
ingly large number of coils per slot. This is effective in several 
ways. In the first place, insulating space is saved, thus allow- 
ing an increase in copper or iron sections, either of which al- 
lows greater output. In the second place, wider slots are favor- 
able to commutation. Thus the natural tendency of d-c. de- 
sign is toward a minimum number of slots per pole. But if 
‘this is carried too far, certain objections or disadvantages arise 
or become more prominent, so that at some point they over- 
balance the advantageous features. As the slots are widened 
and the number of teeth diminished, variations in the reluct- 
ance of the air gap under the main poles, with corresponding 
pulsations in the main field flux, become more and more pro- 
nounced. These may effect commutation, as the short-cir- 
cuited armature coils form secondary circuits in the path of 
these pulsations. But before this condition becomes objec- 
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tionable, other troubles are liable to become prominent, such 
as “ magnetic noises,” etc. If the machine is of the commutat- 
ing pole type, there are liable to be variations in the commutat- 
ing pole air gap reluctance, so that it may be difficult to obtain 
proper conditions for commutation. A relatively wide com- 
mutating zone is required if there are many coils per slot; also, 
all the conductors per slot usually will not commutate under 
equal conditions, which may result in blackening or spotting 
of individual commutator bars symmetrically spaced around 
the commutator, corresponding to the number of slots. Innon- 
commutating pole machines, it may be difficult to find a suit- 
able field or magnetic fringe in which to commutate, and thus 
the first and last coil in each slot will have quite different fluxes 
in which to commutate. 

Depending upon the relative weight of the various advant- 
ages and disadvantages of a small number of slots per pole, 
practise varies greatly in different apparatus. In small and 
medium capacity railway motors, where maximum output in 
minimum space is of first importance, and where noise, vibra- 
tions, etc. are not very objectionable, the number of slots per 
pole used is probably lower than in any other line of d-c. ma- 
chines, six to eight per pole being rather common. In the 
smaller and medium size stationary motors, where noise must 
be avoided, a somewhat larger number of slots is used in gen- 
eral, depending somewhat upon the size of the machine. On 
still larger apparatus, excepting possibly, small low-speed en- 
gine type generators, 10 slots or more per pole are used in 
most cases, and, in general, more than 12 are preferred. In 
the large 600-volt machines, the number is fixed partly by the 
minimum number of commutator bars per pole, and the num- 
ber of coils per slot. Assuming three coils per slot, then with 
a minimum number of commutator bars of about 40 per pole, 
the minimum number of slots per pole will be 14, and with 
two bars per slot, will be correspondingly larger. This there- 
fore represents one of the limits in present practise. 

Noise, Vibration, etc. Mention has been made of limita- 
tions of noise and vibration being reached, in considering the 
minimum number of slots. This is a very positive limitation 
in design, especially so in recent years, when everything is being 
carried as close as possible to all limits in economies in materials 
and constructions. All the various conditions which cause 
undue noises in electrical apparatus are not yet well-known, 
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and the application of remedies is more or less a question of 
“ cut-and-try.” 

A fundamental cause of noise in direct-current machines lies 
in very rapid pulsations or fluctuations in magnetic conditions. 
This has been well known for years, and many solutions of the 
problem of preventing such variations in magnetic conditions 
from setting up vibrations and consequent noise, have been 
proposed, but many of them appear to hold only for the particu- 
lar machine, or line of machines, for which they were devised. 
A perfectly good remedy in one machine not infrequently 
proves an utter failure on the next one. There are certain 
remedies for noise in direct-current machines which apply pretty 
generally to all machines, but, as arule, such remedies mean more 
expensive constructions. In general, large air gaps and gradual 
tapering of the flux at the pole edges tend toward quiet opera- 
tion. A large number of slots per pole tends toward quietness. 
However, the trend of design has been toward very small air 
gaps, especially in recent designs of small and moderate size 
d-c. motors; also, the aim has been to use as few armature slots 
as possible. Moreover, newer designs with steel or wrought 
iron frames, as a rule, have the magnetic material in the frames 
reduced to the lowest limit that magnetic conditions will per- 
mit. Also, with the general use of commutating poles, the 
tendency has been toward “ strong’’ armatures and corres- 
pondingly weak fields, so that the total field fluxes and field 
frames are relatively small compared with the practise of a 
few years ago. With these small frames, resonant conditions 
not infrequently are encountered, especially in those machines 
which are designed to operate over a very wide range in speed. 
There is liable to be some point in the speed range where the 
poles or frame, or some other part, is properly tuned to some 
pulsating torque or ‘‘ magnetic pull’ in the machine. In such 
case, a very slight disturbance of a periodic nature may act 
cumulatively to give a very considerable vibration and conse- 
quent noise. 

The pulsations in magnetic conditions which produce vibra- 
tion may be due to various causes, but, as a rule, the slotted 
armature construction is at the bottom of all of them. Open 
type armature slots usually are much worse than partially 
closed slots. .Such open slots produce “ tufting ” or ‘‘ bunch- 
ing ”’ of the magnetic flux between the field and armature, and 
it is this bunching of flux which usually, in one form or another, 
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produces a magnetic pulsation or pull which sets up vibration. 
This bunching of lines may be such as to set up pulsating mag- 
netic pulls at no-load as well as full load. In other cases, the 
ampere turns in the armature slots tend to exaggerate or accen- 
tuate the bunching so that the vibration varies with the load. 
This bunching of the flux may act in various ways. The total 
air gap reluctance between the armature and main poles may 
vary or pulsate, so that the radial magnetic pull between any 
main pole and the armature will pulsate in value. If the re- 
luctances under all the poles are varying alike, then these 
pulsating radial pulls will tend to balance each other at all 
instants. However, if the reluctances under the different poles 
do not vary simultaneously, then there are liable to be un- 
balanced radial magnetic pulls of high frequency, depending 
upon the number of armature teeth, speed of rotation, etc. 
If this frequency is so nearly in tune with the natural period 
of vibration of some part of the machine, such as the yoke, 
poles or pole horns, armature core and shaft, that a resonant 
condition is approximated, then vibration and noise are almost 
sure to occur. 

Radial unbalanced pulls, as described, are liable to occur when 
the number of armature teeth is other than a multiple of the num- 
ber of poles; and the smaller the number of teeth per pole, the 
larger will be the unbalancing in general. As a remedy, it 
might be suggested that the number of armature slots always 
be made a multiple of the number of poles. However, there are 
several objections to this. One serious objection is that, on 
small and moderate size d-c. machines, the two-circuit type of 
armature winding is very generally used, and, with this type of 
winding, the number of armature coils and commutator bars must 
always be one more or less in number than some multiple of the 
number of pairs of poles. Mathematically therefore, with a two- 
circuit winding, the number of slots can never bea multiple of the 
number of poles unless an unsymmetrical winding is used, 
that is, one with a “‘ dummy ”’ coil. A second objection to using 
a number of slots which is a multiple of the number of poles, 
is that there are pulsating magnetic pulls which may be exag- 
gerated by this very construction. There are two kinds of mag- 

“netic pulls, a radial, which has already been considered, and a 
circumferential, due to the tendency of the armature core to 
set itself where it will enclose the maximum amount of field 
flux. Obviously, if the arrangement of slots is such that when 
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one pole has a maximum flux into the teeth, another pole has 
a minimum, then the circumferential puslations in torque 
will be less than if all poles enclosed the maximum or the mini- 
mum flux simultaneously. This latter condition will be produced 
when the number of armature slots is a multiple of the number 
of poles. Therefore, in dodging unbalanced radial magnetic 
pulls by using a number of armature slots which is a multiple 
of the number of poles, the designer is hable to exaggerate the 
circumferential variations in torque or pull, so that he is no better 
off than before. This circumferential pulsating magnetic pull 
may act in various ways to set up vibration, and if there is any 
resonant condition in the machine, vibration and noise will 
result. : 
Several years ago, the writer made some very interesting tests 
on a number of d-c. machines to discover the nature of the vi- 
x brations which were producing noise. 
These machines had very light frames 


and were noisy, although not exces- 
y © sively so. The following results were — 
noted: In certain four-pole machines, 


it was noted that the frames vibrated 


in a radial direction, as could be 
easily determined by feeling. How- 


> 4 ever, upon tracing around the frame 
A circumferentially, nodal points were 
ae noted. In some cases, there were 


points of practically no vibration 
midway between the poles, as at A in Fig. 4. In other cases 
the point of least vibration was at B, directly over the main 
poles. Apparently, minimum vibration at A and maximum at 
B occurred when the pulsating magnetic pulls were in a radial 
direction, while, with circumferential pulls, the maximum vibra- 
tion was at A. It was also noted in some instances that a varia- 
tion in the width of the contact face of the pole against the yoke 
produced vibrations and noise, and nodal points in the yoke, 
the vibrations being a maximum at A. 

In still other cases in commutating pole machines, vibrations 
and noise were apparently set up by either radial or circumferen- 
tial magnetic pulsations under the commutating poles themselves, 
as indicated by the fact that removal of the commutating poles, 
or a considerable increase in their air gaps, tended to overcome 
the noise. In such cases, the noise usually increased with the 
load, in constant-speed machines. 
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Skewing of the armature slots, or of the pole faces, has proved 
quite effective in some cases of vibration and noise. Tapered 
air gaps at the pole edges have also proven effective in many 
individual cases. However, the causes of the trouble and the 
remedies to be applied in specific cases are so numerous and so 
varied that at present it is useless to attempt to give any limita- 
tions in design as fixed by noise and vibration due to magnetic 
conditions. 


‘“ FLICKERING” OF VOLTAGE, AND ‘‘ WINKING” oF LIGHTS 

From time to time, cases have come up where noticeable 
“winking” of incandescent lights -.occur, this being either of a 
periodic or non-periodic character, the two actions being due to 
quite different causes. In either case, the primary cause of the 
difficulty may be in the generator itself, or it may be in the 
prime mover. The characteristics of the incandescent lamp 
itself tends, in some cases, to exaggerate this winking. To be 
observable when periodic, the period must be rather long, cor- 
responding to a very low frequency. Periodic flickering of 
voltage may be considered as equivalent to a constant d-c. 
voltage with a low-frequency small-amplitude alternating e.m.f. 
superimposed upon it. In view of the fact that incandescent 
lamps of practically all kinds give satisfactory service without 
flicker at 40 cycles with the impressed e.m-. varying from zero 
to 40 per cent above the effective value, one would think that a 
relatively small variation of voltage, of 3 per cent or 4 per cent 
for instance, would not be noticeable at frequencies of 5 to 
10 cycles per second. However, careful tests have shown 
that commercial incandescent: lamps do show pronounced 
flicker at much lower percentage variations in voltage, de- 
pending upon the thermal capacity of the lamp filament. Based 
on such thermal capacity, low candle power 110-volt lamps, for 
. example, should show more flicker than high candle power lamps. 
Also, tungsten lamps for same candle power should be more sen- 
sitive than carbon lamps, due to their less massive fins a in 
fact, trouble from winking of lights has become much more pro- 
nounced since the general introduction of the lower-candle power, 
higher-efficiency incandescent lamps. 

In view of the fact that winking has been encountered with 
machines in which no pronounced pulsations in voltage appear 
to be possible, a series of tests was made some years ago to 
determine what periodic variation was noticeable on ordinary 
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low-candle power tungsten and carbon lamps. A lamp circuit 
was connected across a source of constant direct e.m.f., and in 
series with this circuit was placed a small resistance which could 
be varied at different rates and over varying range. The 
results were rather surprising in the very low pulsations in volt- 
age which showed flickering of the light when reflected from a 
white surface. With the ordinary frequencies corresponding to 
small engine type generators—that is, from 5 to 10 cycles—peri- 
odic variations in voltage of 4 per cent above or below the mean 
value were sufficient to produce a visible wink, with 16-candle 
power carbon lamps; while 1 per cent variation above and below 
“was quite pronounced. With corresponding tungsten lamps, 
only about half this variation is sufficient to produce a similar 
wink. These tests were continued sufficiently to show that such 
periodic fluctuations in voltage must be limited to extremely 
small and unsuspected limits. This condition therefore imposes 
upon the designer of such apparatus a degree of refinement in 
his designs which is almost a limitation in some cases. 

It is probable that non-periodic fluctuations in voltage do 
not have as pronounced an effect in regard to winking of lights 
as is the case with periodic fluctuations, if they do not follow 
each other at too frequent intervals, unless each individual 
pulsation is of greater amplitude, or is of longer duration. 
Possibly a momentary variation in voltage of several per cent 
will not be noted, except by the trained observer, unless such 
variation has an appreciable duration. 

A brief discussion of the two classes of voltage variations 
may be of interest, and is given below. 

Periodic Fluctuations. As stated before, these may be due 
to conditions inside the machine itself, or may be caused by 
speed conditions in the prime mover. Not infrequently, the 
two act together. Variations in prime mover speed can act in 
two ways: first, by varying the voltage directly in proportion 
to the speed, and second, by.varying the voltage indirectly 
through the excitation, the action being more or less cumulative 
in some cases. Such speed variations usually set up pulsations 
corresponding directly to the revolutions per minute and in- 
dependent of the number of poles on the machines. 

In the machine itself, periodic pulsations of frequency lower 
than normal frequency of the machine itself, may be caused 
by magnetic dissymmetry of some sort, or by unsymmetrical 
windings. Usually, such dissymmetries give voltage fluctua- 
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tions at a frequency corresponding to the normal frequency of 
the machine, and therefore will have no visible effect unless 
such normal frequency is comparatively low, which is usually 
the case in engine type d-c. generators. In other cases, these 
dissymmetries may give pulsations corresponding to the rev- 
olutions, and not the poles. For instance, if the armature 
periphery and the field bore are both eccentric to the shaft, 
then magnetic conditions are presented which vary directly 
with the revolutions. 

However, there have been cases where no dissymmetry could 
be found, and yet which produced enough variations to wink 
the lights. Usually in such cases; the number of armature 
slots per pole was comparatively small, and the trouble was 
overcome by materially increasing the number of slots per pole. 
A second source of winking has been encountered in some three- 
wire machines in which the neutral tap is not a true central 
point. In such case, the neutral travels in a circle around the 
central point and impresses upon the d-c. voltage a pulsation 
corresponding to the diameter of the circle. Its frequency how- 
ever, is that of the machine itself and is therefore more notice- 
able on low frequency machines, such as engine type generators. 

Non-Periodic Pulsations or Voltage ‘“‘ Dips.’ In all d-c. 
generators, there is a momentary drop or “‘ dip” in voltage with 
sudden applications of load, the degree of drop depending upon 
the character and amount of load, etc. The effects of this 
have been noted most frequently in connection with electric 
elevator operation, in which the action is liable to be repeated 
with sufficient frequency to cause complaint. Various claims 
have been made that certain types of machines did not have 
such voltage dips, and that others were subject to it. In con- 
sequence, the writer and his associates made various tests in 
order to verify an analysis of this action which is given below. 

The explanation of this dip in voltage is as follows. Assume, 
for instance, a 100-volt generator supplying a load of 100 am- 
peres—that is, with one ohm resistance in circuit. The drop 
across the resistance is, of course, 100 volts. Now, assume 
that a resistance of one ohm is thrown in parallel across the 
circuit. The resultant resistance in circuit is then one-half 
ohm. However, at the first instant of closing the circuit through 
the second resistance, the total current in the circuit is only 
100 amperes, and therefore the line voltage at the first instant 
momentarily must drop to 50 volts. However, the em. 
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generated in the machine is 100 volts, and the discrepancy of 
50 volts between the generated and the line volts results in a 
very rapid rise in the generator current to 200 amperes. If 
the current rise could be instantaneous, the voltage dip would 
be represented diagrammatically by a line only; that is, no 
time element would be involved. However, the current can- 
not rise instantaneously in any machine, due to its self-induction, 
and therefore, the voltage dip is not of zero duration, but has 
a more or less time interval. The current rises according to an 
exponential law, which could be calculated for any given ma- 
chine if all the necessary constants were known. However, 
such a great number of conditions enter into this that is it usually 
impracticable to predetermine the rate of current rise in de- 
signing a machine; and it would not change the fundamental 
conditions if the rate could be predetermined, as will be shown 
later. 

A rough check on the above theory could be obtained in the 
following manner, by means of oscillograph tests. For example, 
it was assumed in the above illustration that with one ohm 
resistance in circuit, an equal resistance was thrown in parallel, 
which dropped the voltage to one-half. In practise, the actual 
drop which can be measured might not be as low as one-half 
voltage, as the first increase in current might be so rapid as to 
prevent the full theoretical dip from being obtained. However, 
an oscillograph would show a certain amount of voltage drop. 
If now, after the current has risen to 200 amperes and the con- 
ditions become stable, the second resistance of one ohm is 
thrown in parallel with the other two resistances of one ohm 
each, then in this latter case, the resultant resistance is re- 
duced to two-thirds the preceding value, instead of one-half, 
as was the case in the former instance. Therefore, the dip 
would be less than in the former case. Again, if one ohm re- 
sistance is thrown in parallel with three resistances of one ohm 
each, the resultant resistance becomes three-fourths of the 
preceding value—that is, the voltage dip is still less. There- 
fore, according to the above analysis, if a given load is thrown 
on a machine, the dips will be relatively- less the higher the load 
the machine is carrying. Also, if the same percentage of load 
is thrown on each time, then the dips should be practically the 
same, regardless of the load the machine is already carrying. 
For example, if the machine is carrying 100 amperes, and 100 
amperes additional is thrown on, the dip should be the same as 
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if the machine were carrying 300 amperes and 300 amperes 
additional were thrown on. 

Also, according to the above theory, a fully compensated 
field machine (that is, one with a distributed winding in the 
pole faces proportioned correctly to neutralize the armature 
magnetomotive force) should also show voltage dips with load 
thrown on. To determine if this is so, several series of tests were 
made on a carefully proportioned compensated field machine. Two 
series of tests were made primarily. In the first, equal in- 
crements of currents were thrown on, (1) at half load, (2) at full 
load, and (3) at 13 load on the armature. In the second series 
of tests, a constant percentage of load was thrown Ongathatnis: 
at half load the same current was thrown on as in the first test, 
while at full load, twice this current, and at 14 load, three 
times this current was thrown on. 

According to the above theory, all these should show voltage 
dips, although the machine was very completely compensated. 
Also, in the first series of tests, the dips should be smaller with 
the heavier loads on the machine, while in the second series 
they should be the same in all tests. This is what the tests 
indicated. In the first series, the dips in voltage varied, while 
in the second series, they were practically constant. The re- 
sults of these tests are shown in the following table. (The 
oscillograph prints were so faint that it was not considered 
practicable to reproduce them in this paper.) 


NORMAL E.M.F.—1200 VOLTS. 


Load on generator. Increase in load. Dip in voltage. ~ 

Test. (Approx). 

A 0 Amps. 417 Amps. 700 Volts. 

B 208, 4 80 = SOOF as 

Cc Amat 80 S 200 * 

D 625% 80 if 150aeS 

E 417 * 160 ¢ 300 

F 625 “ 240 4 SOOM as 


Tests B, C and D in the table show the dips for the first 
series of tests, while A, E and F show results for second series. 
The time for recovery to practically normal voltage was very 
short in all cases, varying from 0.002 to 0.004 second, accord- 
ing to the oscillograph curves, but even with this extremely 
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short time, there was very noticeable winking of tungsten 
lamps, in practically all tests. The oscillograph curves showed 
practically no change in field current, except in test A. 

The machine used in these tests was a special one in some 
ways. It was a 500-kw., 1200-volt, railway generator with 
compensating windings and commutating poles. In order to 
keep the peripheral speed of the commutator within approved 
practise, it was necessary in the design to reduce the number 
of commutator bars per pole, and consequently the number 
of armature ampere turns, to the lowest practical limit. This 
resulted in an armature of very low self induction, which was 
very quick in building up the armature current with increase 
in load. This machine therefore did not show quite as severe 
variations as would be expected from a normal low-voltage 
machine of this same construction. However, these two series 
of tests did show pronounced voltage dips which were sufficient 
to produce noticeable winking of incandescent lamps. Presum- 
ably, therefore, all normal types of generators will wink the 
lights under similar conditions. 

Data obtained on non-compensated machines of 125 and 250 
volts indicate the same character of voltage dips as were found 
in the above tests. This should be the case, for, by the fore- 
going explanation, the compensating winding has no direct re- 
lation to the cause of the dip. 

It will be noted in these curves that the voltage recovers to 
normal value very quickly. However, incandescent lamps 
will wink, even with this quick recovery, if the dip is great 
enough. There is some critical condition of ‘voltage dip in 
each machine which would produce visible winking of lights. 
Any increments of load up to this critical point will apparently 
allow satisfactory operation. If larger loads are to be thrown 
on, then these should be made up of smaller increments, each 
below the critical value, which may follow each other in fairly 
rapid succession. In other words, the rate of application of 
the load is of great importance, if winking of lights is to be 
avoided. Therefore, the type of control for motor loads, for 
instance, should be given careful consideration in those cases 
where steadiness of the light is of first importance, and where 
motors and lights are on the same circuit. 

An extended series of tests has shown that, in most cases, 
10 per cent to 15 percent of the rated capacity of the generator 
can be thrown on in a single step without materially affecting 
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the lighting on the same circuit, and provided the prime mover 
holds sufficiently,constant speed. However, judging from the 
quickness of the voltage recovery, the prime mover, if equipped 
with any reasonable flywheel capacity, cannot drop off materially 
during the period of the voltage dip as shown in the curves. 
The dip in voltage due to the flywheel is thus apparently some- 
thing distinct from the voltage dip due to the load. However, 
if the load is thrown on in successive increments at a very 
rapid rate, the result will be a dip in voltage due to the prime 
mover regulation, although the voltage dips due to the load 
itself may not be noticeable. 

The above gives a rough outline of this interesting but little 
understood subject of voltage variations. Going a step farther, 
a similar explanation could be given for voltage rises when the 
load is suddenly interrupted, in whole or in part. This is 
usually known as the inductive kick of the armature when the 
circuit is opened. This may give rise to momentarily increased 
voltages which tend to produce flashing, as has already been 
referred to under the subject of flashing when the circuit breaker 
is opened. 

PERIPHERAL SPEED OF COMMUTATOR 

This presents two separate limitations in d-c. design, one 
being largely mechanical and the other being related to voltage 
conditions. As regards operation, the higher the commutator 
speed, as a rule, the more difficult it is to maintain good contact 
between brushes and commutator face. This is not merely a 
function of speed, but rather of commutator diameter and speed 
together. Apparently it is easier to maintain good brush con- 
tact at 5000 ft. per minute with a commutator 50 in. in di- 
ameter than with one of 10 in. in diameter. Very slight un- 
evenness of the commutator surface will make the brushes 
“jump” at high peripheral speeds, and the larger the dia- 
meter of the commutator with a given peripheral speed, the 
less this is. 

The peripheral speed of the commutators is also limited by 
constructive conditions. With the usual V-supported com- 
mutators, the longer the commutator, the more difficult it is 
to keep true, especially at very high speeds and the higher 
temperatures which are liable to accompany such speeds. 
Therefore, the allowable peripheral speeds are, to some extent, 
dependent upon the current capacity pet brush arm, for the 
length of the commutator is dependent upon this. The per- 
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missible speed limits, as fixed by mechanical constructions, 
have been rising gradually as such constructions are improved. 
At the present time, peripheral speeds of about 4500 ft. per 
minute are not uncommon with commutators carrying 800 to 
1000 amperes per brush arm. In the case of 60-cycle, 600- 
volt synchronous converters, 5200- to 5500-ft. speeds are usual 
with currents sometimes as high as 500 to 600 amperes per arm. 
In the case of certain special 750-volt, 60-cycle converters, oper- 
ated two in series, commutator speeds of about 6400 ft. have 
proved satisfactory. These latter, however, had comparatively 
short commutators. 

For the small diameter commutators used in d-c. turbo- 
generator work, peripheral speeds of 5500 to 6000 ft. have been 
common. However, such machines usually have very long com- 
mutators and of the so-called “‘ shrink-ring ’’ construction. The 
brushes may not maintain good contact with the commutator 
at all times, and in a number of machines in actual service, the 
writer, in looking at the brush operation, could distinctly see 
objects beyond the brush contacts; that is, one could see 
“ through ” the contact, and curiously, in some of these cases, 
the machines seemed to have operated fairly well. One ex- 
planation of this is that the gaps between brushes and com- 
mutator were intermittent, and, with one or more brush arms in 
parallel, one arm would be making good contact, while another 
showed a gap between brushes and commutator. Appar- 
ently, the commutators were not rough or irregular, but 
were simply eccentric when running at full speed and the 
brushes could not rise and fall rapidly enough to follow 
the commutator face all the time. Incidentally, it may be men- 
tioned at this point, that with the higher commutator speeds 
now in use, there has come the practise of ‘“‘ truing ”’ commutators 
at full speed. This is one of the improvements which has al- 
lowed higher commutator speeds. 

The other limitation fixed by peripheral speed, namely, that 
of the voltage, is a more or less indirect one. It is dependent 
upon the number of commutator bars that are practicable be- 
tween two adjacent neutral points; or, in other words, it is 
dependent upon the distance between neutral points. The 
product of the distance between adjacent neutral points and the 
frequency, in alternations, gives the peripheral speed of the 
commutator, (distance between neutral points in feet times 
alternations per minute equals peripheral speed in feet per 
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minute). With a given number of poles and revolutions per 
minute, the alternations are fixed. Then, with an assumed 
limiting speed of commutator, the distance between neutral 
points is thus fixed. This then limits the maximum number of 
commutator bars, and therefore the maximum voltage which 
is possible, assuming a safe limiting voltage per bar. From 
this it may be seen that the higher the peripheral speed, the 
higher the permissible voltage with a given frequency. Inthe 
same way, if the frequency can be lowered (either the speed or 
the number of poles be reduced) the permissible voltage can 
be increased with a given peripheral speed. Where the speed 
and the number of poles are definitely fixed and the diameter 
of commutator is limited by peripheral speed and other con- 
ditions, the maximum practicable d-c. voltage is thus very defi- 
nitely fixed. This is a point which apparently has been mis- 
understood frequently. It explains why, in railway motors, for 
high voltages, it is usual practise to connect two armatures per- 
manently in series; also, why two 60-cycle synchronous conver- 
ters are connected in series for 1200- or 1500-volt service. In 
synchronous converter work, the frequency being fixed once for 
all, the maximum d-c. voltage is directly dependent upon the 
peripheral speed of the commutator. 


CONCLUSION 
The principal intent in this paper has been to show that cer- 
tain limitations encountered in d-c. practise are just what should 
be expected from the known properties of materials and electric 
circuits. The writer has endeavored to explain, in a simple, 
non-mathematical manner, how some of the apparently com- 
plicated actions which take place in commutating machinery 
are really very similar to better understood actions found in 
various other apparatus. An endeavor has also been made to 
show that a number of the present limitations in direct current 
design and operation are not based merely upon lack of ex- 
perience, but are really. dependent upon pretty definite condi- 
tions, such as the characteristics of carbon brushes and brush - 
contacts, etc. Possibly a better understanding of the character- 
istics and functions of carbon brushes will result from this paper. 
The writer makes no claims to priority for many of the ideas 
and suggestions brought out in this paper. However, much of 
the material is a direct result of his own investigations and those 
of his associates during many years of experience with direct- 
current apparatus. 
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APPENDIX 


The following method of determining the maximum capacity 
which can be obtained with given dimensions and for assumed 
limitations as fixed by commutation, flashing and other con- 
ditions, is based upon certain formulas which the writer de- 
veloped several years ago, and which appeared in a paper before 
the Institute.* 

On page 2389 of the 1911 Transactions of the Institute, 
the following general equation is given: 


ato Wi Reter 2Dp 


Ee 108 [«: Catt er er G Sy Ce PS) 


oe = (0.9 + 0.035 N) +e; Z (1.33d, + 0.52 + 2.16 s vn | 


C42 Np IR le 


9 Wee ST yeu) ka (1) 
Where J, = Current per armature conductor. 
W, = Total number of armature conductors. 
T, = Turns per armature coil or commutator bar. 


Land L, = Width of armature core and commutating pole 
faces, respectively. 


D = Diameter of armature. 
= No. of poles. 
N =No. of slots per pole. 
d, = Depth of armature slot. 
S = Width of armature slot. 
n = Ratio of width of armature tooth to slot at 


surface of core. 
C1, C2, C3, C4 are design constants. 
In order to simplify the above equation, the following as- 
sumptions are made: 
(a) No bands are used on armature core, thus eliminating 
the last term in the above equation. 
(b) L; = L, thus eliminating the first expression inside the 
bracket in the above equation. 
Both the above assumptions are in the direction of increased 
capacity with a given short-circuit voltage, Ex. 
Equation (1) then becomes 


*4 Theory of Commutation and Its Application to Interpole Machines, 
A. I. E. EB. TRANS., 1911, Vol. XXX, p. 2359. 
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The various terms in equation (2) should be put in such form 
that limiting values can be assigned to them as far as possible. 
In order to do this the equation can be condensed and simplified 
as follows, for large machines: 

(a) Assuming parallel type windings ,— 


T.2p E 


Va— V , where Vy = Average volts per commutator 
b 


bar or coil. 
I, = —t, where I, = Total current. 


IE = Kilowatts X 10? = Kw 103 
Also, R, p = 2f, where f = Frequency in cycles per second. 


I.WiR:TeT  Kwyp X4fT2r 
Therefore, Be Ties = ja eT ON Kw, being the 


kilowatts per pole. 
(6) Let P; = Armature tooth pitch. 
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T 


Then D = 


4 
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and Cs F 60-9 + 0.035 N)P; 


In case of a chorded winding, the term 0.035 N should be 
0.035 Ni, where N; represents the number of teeth or tooth pitches 
spanned by the coil. 


(c) In the second term inside the bracket in equation (2), 
eels , 
the ratio 5 can be transformed into an expression containing 


P,, as follows: 


E = B:SiCyR,W, 
108 
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B, = Flux density in armature teeth. 

S; = Section of iron in armature teeth. 

C, = Field form constant (percentage polar area). 
R, = Revolutions per second. 


W, = Wires in series. 
S:; = NTpLc;, where T = Width of tooth, and c; = the 
ratio of actual iron to the core width L. 
Pe 
1" 
proximation within practical limits in the usual armature con- 
structions). 


As an approximation, T;, = (This is a fairly close ap- 
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dy 4X 10°F 

or == 


By Bg CottaiW,N poke 
This can further be condensed as follows: 


W,= 1 CREEL ty res =e 
Vz . 
TOR, 


B; Cc Nf cs (Pde. 


(d) The expression (1.33 d, + 0.52 + 2.16 s Vn) can be 
modified as follows, 


Therefore, — = 


Pe 
7 a Ef (eantnk = eu the basis that Tz; = ae 
approx. 
Then, 2.16 sVn = 1.08 P; approx. 
and (1.33 d, + 0.52 + 2.16 sVn) = (1.33 d, + 0.52 + 1.08 P,) 
Substituting all the above transformations in equation (2), 
we get 


Kw, fT24 

SER eat 9 + 0.035 N,) NP 
Big EE (0.9 + 0.035 N,) NP, 
1 cs Vs 108 


ell Vitalis P 3 
pe ater Ned ( 
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E. Vz 10° 
Kw, = Z Fs 
Pe Ag» - 44) 
3. Cav] ; 
E (0:9 +0.035N1) NfP + BiC,N aT. (1.33d, + 0.52+ 1.08 P; 


Maximum Ki'owat's per Pole. Differentiating (4) to obtain 
P, for maximum Kw, 


; a mw 2c3 Vz 108 
Pi4c.N f (0.9 + 0.035 N;) T, BL OwrE (1.33 d, + 0.52) 
UES Vz 108 
eRe CNG X 1.08 Ps (5) 


If P; in equation (5) could be derived and then substituted 
in equation (4), then for any assumed value of E, and with the 
other terms given limiting values, an expression for the maximum 
kilowatts per pole could be obtained. The writer has not been 
able to solve this directly in any sufficiently simple manner, 
although a complicated approximate expression can be obtained. 
However, for practical purposes, the solution for any given con- 
ditions can be obtained by trial methods and the results plotted 
in curves. 

For instance, in equations (4) and (5), the following terms 
may be given limiting values for a given class of machines and 
for a specified voltage: 


TIT. = Turns per coil. 


¢2 = End flux constant. 
N = Number of slots per pole. N, = No. of teeth spanned 
by coil. 


Brush short circuit constant. 

V, = Average volts per bar. 

Cp = Field form constant. With max. volts per bar fixed, 
then *V max, Gas 0), 

B, = Flux density in teeth. 

¢; = Ratio of actual iron width to core width L. 


o 
I 


Also, type of armature winding can be fixed and departure 
from full pitch winding, or amount of chording, can be given. 
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There will then remain for any assumed value of E,, the terms 
Kw, = Kilowatts per pole. 

P; = Tooth. pitch. 

a = Cycles per second. 

d, = Dépth of armature slot. 


All four of these latter terms are in equation (4), and the last 
three in equation (5). Therefore, assuming the depth of slot, 
equation (5), the values of P, for different frequencies may be 
determined by trial methods. The corresponding values of 
P., f and d, can then be substituted in equation (4), and the 
kilowatts per pole thus determined. Tables or curves can then 
be prepared giving the kilowatts per pole for different frequencies 
and for different assumed slot depths. 

A series of such tables have been worked out for a specified 
set of conditions as given below. The assumed limiting con- 
ditions were as follows: 


1a = 4.5,—that is, one turn per coil parallel type winding 
is assumed. 

e.m.f. = 600 volts. 

CE = 0.68 

Vo = 14.3. No of commutator bars per pole = 42. No 


compensating winding is used. Therefore, V» 


= ae and max. volts per bar at no load = 
14.3 : : 
0.68 > 21. Allowing 25 per cent increase for 


flux distortion, and increased voltages at times, 
gives 26.3 at full load. 

Ce 1.25 for average constructions. 

C3 = Varies with the number of coils per slot and the aver- 
age number of bars covered by the brush, but as- 
suming 2 bars covered, then C3; = 0.4 approx. 
with 1 slot chording, and with either 2 or 3 coils 
per slot. 


I 


Bi = 150,000 lines per sq. in. on the basis of actual iron 
and all flux confined to the iron. 
C5 — 0.75. This allows for 90 per cent solid iron and ¢ 


of the total width taken up by air ducts (about 
3 in. duct for each 2 in. of laminations). 
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N = 14 


2 
I 


Two cases have been assumed, one with 3 coils 
21 

per slot and 14 slots per pole, and the other with 
2 coils per slot and 21 slots per pole. » 

14 Slots per Pole.—Substituting the above values in equations 


(4) and (5), then for 14 slots per pole, equation (4) becomes 


— ie 
Kw, = 3767 E, [ fP2+918 25d,+1) +19P, j - 


and equation (5) becomes 
fP# = 18.36 (2.5 d, oh) 1 Oe; (7) 
Incidentally, equation (6) can be simplified to a certain extent 
by partially combining with equation (7), giving the following 
equation: 


Fy eee [ 0.725 (@.5d,+1) +P, ] . 


Equation (8), of course, can only be used with the values of 
P;, determined from equation (7). 

Three values for d, were chosen, 1 in., 1.5 in., and 2 in., which 
cover the practical range of design for large d.-c. generators. 
Frequencies from 5 to 60 cycles were also chosen. The corres- 
ponding values for P; and Kw, are tabulated below. 


TABLE I. 
fe 
Cycles d, = 1 in. d,= 1.5 in. d, = Qin, 
per sec. 
Py Kwy Pi Kwy Pt Kw» 
5 2.85in 670 3.08 in. 647 3.255 in 620 
10 2.20 453 2.362 428 2.504 407 
20 1.685 299 1.828 282 1.945 266 
30 1.455 235 1.575 219 1.680 208 
40 1.302 197 1.417 183.5 1.515 173 
50 1.20 173.5 1.305 160 1.398 151.5 
60 1.125 153 1.226 143.5 1.310 135 


21 Slots per Pole. Substituting the proper values in equations 
(4) and (5) for 21 slots per pole, and one slot chording, and then 
solving for P; and Kw, for the same slot depths and frequencies, 
the following table is obtained: 


Eo 
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TABLE II. 

Lm d; =1lin ds = 1.5i ds = 2i 
Gycles s : s .O in. s 2 in. 
per sec. 

Ps Kwy Pi Kwp Pt Kwp 
5 1.985 in. 576 2.14 in. 542 2.27 in. 515 

10 1.53 380 1.56 355 iL 7H 338 

20 1.185 249 AD, : 232 1.36 214 

30 1.022 195 here 181 1.192 168 

40 0.922 163 1.005 150 1.077 141 

50 0.850 142 0.932 131 0.997 123 

60 0.796 126 0.874 117 0.936 110 


SYNCHRONOUS CONVERTERS 


Two cases only need be considered, namely 25 and 60 cycles. 
For these two cases, more definite limits can be given than for 
the above rather general solution for d-c. machines. 

25 Cycles. Let N = 21, and MN, = 20; also, assume two 
coils per slot for 600 volt machines. 


be = 1. 
C3. = O34 
B, = 165,000 
CeO 


Then for assumed values for depth of slot of 1 in., 1.5 in., 
and 2 in., and for E, = 4.5, the following values of P,; and 
Kw, are obtained: 


TABLE III. 

Depth of Tooth Kilowatts 
slot. pitch. per pole. 
jean. 1.09 278 
ills) 1.19 257 
2 1.275 243 


60 Cycles. Let N = 15, and NM: = 14. Also, assume 3 coils 
per slot for 600 volts. 


(Ay 1.0 
C3 0.4 
B, = 150.000 


C, = 0.66 
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Then, assuming slot depths of 1 in., 1.25 in., and 1.5 in., and 
E. = 4.0, the following values of P, and Kw, result: 


TABLE IV. 
Depth of Tooth Kilowatts 
slot. pitch. per pole. 
L am. 1 Sule. 143 
125 1.195 137.5 
Ike 1.24 132 


‘ 
The above tabulated results agree pretty well with practical 
results obtained in large generators and converters. There are 
so many possible variations in the limits assumed that only 
general results can be shown. For instance, in Table iL 2 
constant limiting induction in the armature teeth of- 150,000 
lines per sq. in. is-assumed. With low frequencies this can be 
increased, while with frequencies of 50 to 60 cycles, somewhat 
lower inductions will be used. Also, the commutation con- 
stant C3, which is dependent upon the number of bars covered 
by the brush, is naturally subject to considerable variation. 
The results obtained are predicated upon parallel types of 
windings and a minimum of one turn per armature coil. If 
types of windings having the equivalent of a fractional number 
of turns per coil less than one, prove to be thoroughly satis- 
factory for large-capacity machines, then the above maximum 
capacities can be materially increased, However, accepting 
the results as they stand, the limits of capacity as fixed by 
commutation are in general about as high as other limitations 
will allow. 
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Discussion on ‘‘ PHYSICAL LIMITATIONS IN D-C. Commuta- 
TING MacHINERY”’ (LamME), SAN FRANCISCO, CAL., 
SEPT. 16, 1915. 


E. H. Martindale: The point impressed on me with the 
greatest emphasis was in connection with the use of the soft 
graphitic brush for high-speed machines and with machines 
having solid commutators. It is a misnomer. The brush to 
be used on the solid commutator need not be soft. It must 
be non-abrasive, but one of the hardest brushes manufactured 
in this country has no abrasive action and is used very ex- 
tensively on undercut commutators and on speeds up to 6000 
ft. per min. I want to emphasize the distinction between 
hardness and abrasiveness, and point out the fact that this has 
no relation to the softness or graphitic nature of the brush. 

Mr. Lamme speaks of getting a decrease in contact drop of 
as much.as one-half or one-third of the cold contact drop. We 
had never found anything like as great a drop as that in an 
un-impregnated brush. If we take an impregnated brush, one 
soaked in oil or paraffine, we get a contact drop of around 3.3 
and 5 volts to the two brushes in series. Then if we heat the 
brush enough to drive the oil back from the surface and leave 
the contact surface of the brush dry, that drop will go down 
to 1.6, a reduction of more than one-half. I have never found 
more than 0.15 of a drop, even with temperatures almost to the 
blowing point, if the brush has not been previously impregnated. 

I believe that one of the most pronounced limiting features 
in the design of d-c. machinery is the friction of the brush. 
As brushes have been improved the commutator speeds have 
gone up. They go as high as possible—Mr. Lamme mentions 
one of about 7000 ft. per min. That would have gone up to 
9000 ft. per min. if the brush would have worked. By the time 
a brush is‘made that will work to 9000 ft. per min., they will 
get the commutators. If a machine can be doubled in speed, 
the output can be almost doubled without very many changes 
in the copper or iron in the machine. In the case of the brushes 
manufactured up to eight or ten years ago, 5000 fi. per min. 
would have been impossible. The old carbon brush, as we 
called it, would not stand speed above 4000 ft., without the 
brush chattering, chipping and causing all sorts of trouble. 

H.R. Summerhayes: I wish to discuss the subject of flicker- 
ing of light supplied from d-c. generators, mentioned in Mr. 
Lamme’s paper. This subject is of particular importance in 
small or medium size isolated plants. Experiments I have 
seen made,indicate that the drop in voltage is according to 
the percentage of load thrown on the generator, that is, the 
percentage of fluctuation of load as compared to full load, on 
generators of the non-compensated type. It is generators of 
this type which are generally in service for office buildings 


and hotels. 
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Mr. Lamme states that a 10 to 15 per cent increment of 
load thrown suddenly onto a generator will cause a flickering 
in the lights. We have found, perhaps, a little greater varia- 
tion with different types of generators. I should say that it 
is 10 to 20 per cent, which agrees pretty closely with Mr. Lamme’s 
figures. Therefore, if you have a 150-kw. generator, and start 
an elevator taking 50 kw. as the high-speed elevators do, you 
have a one-third load thrown on suddenly, and as this is about 
double the flickering limit, such plants must always show a 
perceptible flicker. : 

In larger plants where a single elevator forms a smaller 
proportion of the total load of one generator the flickering is 
not so perceptible, although there are more elevators. That 
is, because it is impossible to start two elevators at the same 
time. I mean exactly at the same time, and even if they are 
started 1/50 of a second apart, the effect is very different from 
what it would be if they were started simultaneously. 

Mr. Lamme discusses non-periodic fluctuations. I have seen 
experiments which indicated that as low as one per cent variation, 
requiring over half a second for the change, will not cause a 
noticeable flicker to the average observer, but if the duration 
of the fluctuation is shorter than half a second, or the voltage 
variation greater than one per cent, it will cause a perceptible 
flicker. That is only when the observer is watching for the 
flicker. If one is simply reading or working, with his attention 
concentrated on his work, the flicker would have to be more 
than that, to be perceptible. Probably two or three volts. 
fluctuation, in a half-second, would be annoying to readers 
and would cause complaint. I would like to ask Mr. Newbury 
to explain a little further the theory which he mentioned, where 
a resistance is connected across the circuit, 100-volt generator, 
and 100 amperes going through the resistance. Now, a second 
resistance is connected across, and in order to have the drop 
of 50 volts, as Mr. Lamme said, the current would have to 
divide equally, 50 amperes in each resistance. In this case an 
oscillograph connected in series with the first resistance should 
show a momentary reduction of current from 100 to about 50 
amperes. Is this result shown by the tests? 

Gano Dunn: I find that Mr. Lamme’s paper does not refer 
to a certain principle of commutation with which I have had 
considerable experience, and which I regard as very important. 
It is a principle which has not been successfully reduced to 
practise, for reasons which I believe are wholly of a mechanical 
origin and I believe will be ultimately overcome. 

Acommutating machine arranged on this principle, invented 
by Mr. F. W. Young some years ago, has been in service for 
four or five years. A number of them have been built and used, 
in some cases with very marked success, but in general without 
sufficient success to take a place commercially. The principle 
to which I refer is involved in the question of the contact drop 
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of the brush. Mr. Lamme says regarding the subject of the 
contact drop, ‘‘ This peculiar property of the brush contact is, 
in some ways, very much of a disadvantage.” Now, a thing 
that is a disadvantage, in some ways, is-often made of very 
great advantage if you change the ways in which it is a dis- 
advantage. The principle I refer to consisted in so changing 
the ways that the disadvantage of contact drop is turned into 
an advantage that produces unusually perfect commutation. 

You all have been familiar with various ways of killing sparks. 
Imagine a circuit with considerable inductance opened by a 
single-pole, single-throw knife-switch. The spark if it occurs 
can be killed by shunting a high resistance around the switch. 
The high resistance around the open switch, while it reduced 
the spark, never completely killed it, but always left it, while 
smaller, with a good deal of vigorous spiteful life. 

Another way of killing sparks is to put a condenser around 
the same switch. The condenser, if large enough, is better 
than high resistance, but even the condenser leaves some portion 
of the spark which cannot be completely killed and the portion 
it leaves is the most annoying portion. 

Another way is to shunt e.m.f. around the switch. A counter 
e.m.f. is a better way than either of the two previous methods 
for killing spark, and as a rule it kills it so completely that 
you can hardly see it. As a confirmation of the law, there is 
very little spark when opening a circuit that is charging a 
storage battery. |The phenomenon is the same and due to the 
same cause, because the counter e.m.f. of the storage battery 
or the other source of counter e.m.f. around the switch opposes 
the e.m.f. of self-induction and kills the spark by what I might 
call neutralization. 

Now, in commutation, the drop contact between the brush 
and the commutator, no matter what it is due to, acts almost 
exactly like a counter e.m.f. It has all the characteristics, in 
fact, so much so that it is often called the counter e.m.f. of 
contact, and whether it is a counter e.m.f. of contact or not, 
it very naturally looks and acts in a similar manner. The 
function of commutation is to accelerate the reduction of the 
current, so that by the time a commutator bar gets to the 
edge of the brush, the current will have been so greatly pre- 
viously reduced that when the contact is broken, there will 
be no spark. 

Now, one way of doing that has been by means of the re- 
sistance in the leads, which Mr. Lamme has described. An- 
other way of doing it is by the fringe of e.m.f. produced by the 
pole tips. A counter e.m.f. created in the commutating coil, 
tends to neutralize the current and stop it before the commu- 
tator bar leaves the brush. That is obtained by shifting the 
brushes. If, however, we could introduce into that path of 
current, between the carbon brush and the bar, a gradually 
increasing counter e.m.f., that gradually increasing counter 
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e.m.f. would tend to stop the current not only just as well as 
the counter e.m.f. introduced in the coil by the pole fringe, 
and just as well as the counter e.m.f. due to the drop across the 
resistance leads tends to do it, but it would do it better than 
either. Justin the same way that a high-resistance shunt around 
the knife switch only reduces the spark but does not eliminate 
it and still leaves it with vicious character, so the high-resist- 
ance leads reduce the spark but do not remove it, but leave it 
with vicious character; but when you can accomplish that 
result with counter e.m.f. the character of the spark that is 
left is different. If you have enough counter e.m.f. the spark 
is completely removed. How can we introduce into the path 
of the current between the brush and the commutator bar ad- 
ditional counter e.m.f.2 It can easily be done by adding a brush 
made of the same material as the original brush and put along 
next to it and insulated from it, so that the current that is in 
the one cannot go to the other in any way except by going down 
into the commutator. Then you will notice where you formerly 
had, say, 1 volt counter e.m.f. between the carbon brush and 
the bar, a time will come when you will cause the current to 
go down out of the brush into the bar, then up into the other 
brush, and down into the commutator, causing 3-volt counter 
e.m.f. to be inserted into the circuit where formerly you had 
only 1 volt. In doing that you have performed a remarkable 
feat in the acceleration of the turn-over of a particular coil. 
In practise it is astonishing how well that works. Not only 
is this principle good for the additional one, what might be 
called the “‘dead”’ brush, but it is suitable to work with the ad- 
dition of two or three more brushes. The principle admits of 
considerable expansion. You may ask, why has not this come 
into more practical use if it is so effective? The reason is that 
these brushes do not wear evenly in practise, and if one wears 
a little more than the other, then you do not get the same 
uniform contact. If brush holders can be designed that will 
permit the wear of the brushes, then the results obtained by this 
method of commutation are marvelous. » 

The commutators polish beautifully, and the whole char- 
acteristics of commutation are different. I have known gen- 
erators of, say, 500 kw., or over, running at 600 volts, to run 
several years with one set of these brushes. The great enemies 
to these brushes are overloads and short circuits. The high 
voltages that often occur, no matter what commutation you 
have, burn the brushes and the insulation between them, and 
so interfere with this triple path. It is no longer perfect, 
you have the effect of only one brush as before, and the dead 
brush is a hindrance instead of a help. 

F. D. Newbury: In Mr. Martindale’s discussion he very 
correctly pointed out that hardness and abrasiveness in carbon 
brushes are not necessarily coincident properties. However, 
the important point, as I attempted to point out, is not whether 
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a brush is soft or hard, non-abrasive or abrasive, but whether 
that brush is capable of carrying the largest current per Square 
inch of contact surface, and I think Mr. Martindale will agree 
that the maximum current-carrying capacity is usually found 
in a graphitic brush, and a graphitic brush is usually non- 
abrasive, so we have the under-cut commutator. We do not 
use the non-abrasive brush because the commutator is under- 
cut, but we under-cut the commutator so that we can use the 
large current-carrying brush which means, in general, a non- 
abrasive brush. The decreased contact drop mentioned in 
Mr. Lamme’s paper was found in the case of a large number of 
commercial brushes, both American and foreign, and in no 
case, as I remember the experiments, was an impregnated brush 
used. We all know that impregnated brushes are good until 
you use them; in other words, as soon as they heat up in service 
the effect of the impregnation is very largely lost. But this 
extreme change in contact drop or temperature was found 
with ordinary commercial brushes, both hard and soft brushes, 
and was observed experimentally by heating the collector ring 
by external means so that it had nothing to do with the character 
of the surface or of the action of commutation. These large 
drops were a surprise and I really believe explain many of the 
anomalous results we have obtained in using the same brush 
on different machines and using different brushes on the same 
machine. 

The permissible peripheral speed is not only a function of 
the brushes, but is to a large degree determined by mechanical 
limitations in the design of the commutator. As an illustration 
of this, the highest peripheral speeds in use are on high-voltage 
machines with small current capacity and consequently having 
short commutators. The brushes used on such machines work 
very well up to 6000 or 7000 feet and would work just as well 
on a very long commutator if it could be designed so that it 
would operate without deformation. So the brush character- 
istics are not the thing that stands in the way of still further 
increase of peripheral speed in the majority of large machines. 

Mr. Summerhayes’s question as to the explanation of what 
really happens when the load is suddenly changed, may be 
answered by pointing out that he is correct if certain things 
happen first, and Mr. Lamme is correct if other things happen 
first. Whichever theory is accepted, it must square with the 
facts. 

I think we all started with the idea that the different results 
as to flicker obtained under different conditions, or in different 
installations, were influenced largely by the type of generator, 
but oscillograms that had been made from all types of ma- 
chines, ranging from the low-speed non-commutating pole type 
to the high-speed commutating pole compensated type, have all 
shown the same characteristic results. As Mr. Summerhayes 
pointed out, the amount of the dip in voltage is a function of - 
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the percentage change in load. There is a table of results given 
in Mr. Lamme’s paper illustrating this fact. The same dip in 
voltage is obtained with, say, 80 amperes change from half 
load, as with 160 amperes change from full load; also a dif- 
ferent change in voltage is found with the same load change 
from different initial loads. This shows, I think, the correct- 
ness of the explanation given in the paper. If Mr. Summer- 
hayes’s explanation were correct, we certainly should find a 
considerable quantitative difference with different types of 
generators. I would expect particularly, a radical difference 
in voltage change between non-compensated generators and 
compensated generators, a condition that has not been shown 
by the tests with which-I am familiar. 

I am very glad that Mr. Dunn brought out the points he 
did in regard to commutation. Of course, Mr. Lamme’s paper 
is not complete, no paper on commutation can ever be com- 
plete—and it is very desirable to have the additional informa- 
tion which Mr. Dunn has given, brought into the record. The 
paper does not say that contact drop is a disadvantage, as Mr. 
Dunn apparently believes; the disadvantage is that the contact 
drop increases so slowly with increased current. Commuta- 
tion in the ordinary machine would be impossible without a 
large contact drop at the brushes and commutation would be 
very much better if that contact drop increased in proportion 
with the current, but it only increases slowly, so that with 
double load the short-circuit current may be greatly increased, 
which would not be the case if the contact drop increased in 
proportion with the load. 
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AUTOMATICALLY CONTROLLED SUBSTATIONS 


WITH PARTICULAR REFERENCE TO THEIR APPLICATION 
TO INTERURBAN ELECTRIC RAILWAYS 


BY E. W. ALLEN AND EDWARD TAYLOR 


ABSTRACT OF PAPER 
The paper gives a definitionof an automatically controlled 
as distinguished from a remotely controlled substation, and 
also.analyzes the duties of the attendant in the starting, load- 
ing, and shutting down, of apparatus in hand-operated stations. 
It states that the changes in the conditions of the electric circuit 
which the attendant observes may also be utilized to operate 
, control relays, and as reliable devices are already available to 
protect the machines against overload and runaway, his assist- 
ance in these matters is no longer necessary. The paper then 
proceeds on the assumption that converting apparatus should 
be automatically controlled and that the conditions which 
have heretofore governed both the design and location of sub- 
stations can be modified to advantage in many cases. It advo- 
cates a reduction in size and an increase in the number of sta- 
tions and endeavors by example to show the large saving in 
feeder copper which the proposed arrangement permits. Final- 
ly, a description is given of the automatically controlled sub- 
stations installed on the lines of the Elgin & Belvidere Electric 
Railroad. 


N AUTOMATICALLY controlled substation may be 
defined as one in which the functions of starting and con- 
necting the machines to the line whenever there is a demand 
for power, and finally shutting them down after the demand 
for power has been satisfied, are all performed in their proper 
sequence, without the assistance of an operator either in it or 
adjacent stations. The automatic equipment does not require 
a separate feeder to each substation, and is, therefore, essentially 
different from a remotely controlled system with a separate feeder 
to each machine, and in which the operation both of starting and 
stopping the machines is performed by an attendant in the 
station from which the power is supplied. 
The starting, loading and shutting down of converting appa- 
ratus in railway substations has heretofore been left to the judg- 
ment of the attendant, and ammeters and voltmeters are relied 
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upon to show him whether or not there is a demand for power, and 
also to indicate the proper timing of the starting operations. 
The changes in the condition of the electric circuit which the 
attendant observes on these instruments, may however, readily 
be utilized for operating relays in control circuits, and if the 
control equipment is made to act automatically in a properly 
timed sequence, his judgment in these matters is no longer 
necessary. 

The character of electric energy is such that it is possible to 
instantly concentrate a large amount of energy at the point where 
trouble develops and the standard protective devices are, there- 
fore, both automatic and instantaneous in their action. The 
chances of the attendant being able to anticipate trouble are 
remote, and abnormal conditions develop so quickly and are 
often so obscure that his principal duty under such circumstances 
is to limit the extent of the injury and confine it to the particular 
piece of apparatus or circuit in which it originated. Reverse 
current relays and mechanically operated speed limiting devices 
are generally provided and must be relied upon to protect against 
injury due to overspeed. Compound-wound synchronous con- 
verters, for example, usually run away in a reversed direction of 
rotation, and if the protective devices fail to act automatically, 
the circumstances attending the machines stopping and starting 
again with the opposite direction of rotation are so unusual, 
that the armature will generally have reached a destructive 
speed before the operator has analyzed the conditions and opened 
the proper circuits. 

Electrically-operated switches are reliable devices which, of 
course, do not require the services of an attendant for the work 
of closing and opening them, and careful inspection at regular 
intervals is sufficient to insure their successful operation. 

The authors have endeavored to state in the preceding para- 
graphs some of the reasons which in their opinion make it practi- 
cable to dispense with the services of an attendant in many rail- 
way substations, and if we proceed for the moment on the assump- 
tion that it is practicable to do this, it is evident that the de- 
sign of both converting and distributing systems will be affected 
to some extent by these new conditions of operation. The neces- 
sity of having two and even three shifts of skilled attendants 
has heretofore influenced the number, size and location of sub- 
stations, and these have in turn affected the amount of feeder 
copper and consequently the choice of trolley voltage. It is 
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desirable to increase the number of stations and to decrease the 
relative size of the machines if they are automatically controlled. 
If the buildings are designed with particular reference to their 
ability to house the apparatus and without regard to the comfort 
and convenience of the operator, it is probable that their total 
cost will be no greater than that of a fewer number of stations 
designed to meet both of these conditions. Special considera- 
tion should be given to the saving in feeder copper, which results 
from decreasing the distance between substations and also to the 
better distribution of load between machines which this arrange- 
ment permits. 

The possible saving of copper in the direct-current distributing 
system of an interurban electric railway is well illustrated by com- 
paring the relative amounts of feeder copper required, first, on 
the assumption that a system is laid out to use the standard 
hand-operated substation, and second, on the assumption that 
automatically controlled substations of twice the number and 
having the same aggregate capacity are to be used. 

A single-track road 32 miles in length, using 40-ton cars, equip- 
ped with four 75-h.p. motors capable of a maximum speed of 
40 mi. per hr., a schedule speed of 24 mi. per hr. with one stop 
per mile, a rate of acceleration of 1.1 mi. per hr. per sec. and 
70-lb. rails and a 4/0 trolley wire will be used. The above as- 
sumptions are common to both cases. It is estimated that in 
case one, with three hand-operated 500-kw., 600-volt stations 
located 12 miles apart and with four-mile stub end feeds, 262,000 
lb. of feeder copper will be needed. No addition has been 
made in the total weight of copper for either the trolley feeder 
taps or the sag in the line. Six automatically-controlled sub- 
stations, each of 250 kw. capacity, would be used in the second 
case. They should be located at or near the points where the 
cars meet and pass and should, therefore, be spaced seven miles 
apart with two-mile stub end feeds. No feeder copper is re- 
quired in the last case in addition to the regular 4/0 trolley wire. 

These figures emphasize the relation which the feeder copper 
bears to the distance between substations, and show that the 
economical limits of the lower voltage trolley systems are con- 
siderably increased provided the location and number of these 
stations is not affected adversely by the assumption that attend- 
ants must be provided for them. 

The special purpose of the high-voltage, direct-current trolley 
system is to save feeder copper and reduce the number of con- 
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verting stations, although the latter may sometimes be increased 
to advantage under the conditions previously noted for the 
lower voltage systems. Sudden changes in current induce 
relatively high voltages in long feeders and return rail circuits, 
and furnish an additional reason for increasing the number of 
stations on theselines. In this connection it may be noted that 
the feeder circuits from automatically controlled machines are 
not opened on overload or short circuit, but are protected by 
inserting a limiting resistance in them. The energy needed to 
start cars that meet and pass on a siding near a substation is 
somtimes sufficient to open the breakers and even to flash the 
machines. The speed and counter e:m.f. of the motors may at - 
this time conform to an impressed voltage of 200 or less, but 
when the attendant closes the feeder breakers, the motors are 
instantly subjected to the normal trolley voltage of 600, which 
may flash the commutator or otherwise strain the equipment. 
The severity of these troubles is reduced if there is a reasonable 
amount of resistance in the circuit between the cars and station 
bus, and itis inadvisable, therefore, to tap the trolley imme- 
diately in front of the station. In the proposed system the feeder 
circuits as previously stated, are not opened either on overload 
or short circuit, the protective resistance being bridged in suc- 
cessive steps in order that the trolley voltage may be restored to 
its normal value gradually. 

Congestion of traffic does not cause dangerous overloading of 
the relatively small units used in automatically controlled sub- 
stations, as the current-limiting devices give a drooping voltage 
characteristic to the apparatus so exposed, and the demand for 
power as shown by this drop in voltage will automatically start 
the machines in adjacent stations. The size of the individual 
machines will be small, principally because their number has 
been increased, and as they are protected from severe overloads 
their combined capacity may be less than the capacity of the 
apparatus in railway substations as usually applied to the same 
conditions. 

The proportion of load carried by the stations either side of the 
one which was overloaded could be increased if their voltages were 
raised when they were lightly loaded. Automatic field regula- 
tors for the generator end of motor-generators, and induction 
regulators for the alternating-current side of synchronous con- 
verters are available and may be used to advantage under these 
conditions. The time required for starting and connecting ma- 
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chines to the line is also of importance when we are discussing 
the possibility of their sharing with other machines a load which. 
may last only for afew minutes. A 500-kw. 25-cycle synchron- 
ous converter may be readily started from rest and connected to 
the line in thirty-five seconds, and a 300-kw. unit will require 
only twenty-five seconds for the same operation. Hand-operated 
stations would require a considerably longer time to start and 
connect to the line, and to this must be added the interval of 
time for the attendant to observe the load conditions and con- 
clude that it is desirable to start an additional machine. The 
choice between motor-generator sets and synchronous converters 
has heretofore been determined largely by the difference in their 
efficiencies, especially at light loads, but if these losses can be 
saved and the machines are only operated under load, other 
characteristics may govern the selection of converting apparatus. 
Induction motor-generator sets in capacities below 1000 kw. 
may be started in considerably less time than is required to 
start synchronous converters of corresponding size, and this 
circumstance might influence their selection for work which made 
it necessary to start the machines within the time needed to 
accelerate a car or locomotive. Conditions of this kind might 
be found in a large freight yard. 

The voltage characteristic of shunt-wound machines is ob- 
viously better adapted than that of compound-wound machines 
to this system of operation, and as their control is more simple, 
they would probably be selected for new installations. 

The light load losses are a fairly high percentage of the total 
kilowatt-hours supplied to substations delivering energy to a 
system having an infrequent car service. It is estimated that 
0.5 kw-hr. is required to start and connect to the line a’300-kw. 
25-cycle, 600-volt synchronous converter. The running light 
losses of this machine are 0.34 kw-hr. per minute and would, 
therefore, equal in 1.44 minutes the energy required for starting. 
The load conditions in the substations of a single track road hav- 
ing a 90-minute car service, will often justify shutting down a 
300-kw. synchronous converter twelve hours during each day. 
If the passenger and freight business at a substation require the 
services of an agent, automatic starting will save the running 
light losses and will also give him more time for his other duties. 
Frequent starting by hand soon becomes burdensome and also 
involves more risk of injury to the apparatus than the other 
method. 
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The traffic conditions on an existing 600-volt system may grow 
until the management believes it is necessary either to increase 
the feeder copper or adopt a higher trolley voltage in order to 
handle the load and maintain the schedule, although it is quite 
probable that automatically controlled substations could be 
substituted to advantage for either of the alternatives suggested 
above. Compromises are often made in the engineering sur- 
veys and calculations which determine the trolley voltage and the 
size, number and location of substations for interurban electric 
railways. Standard practise in these matters is a result of many 
years’ experience and the effect of the changes suggested might 
not be sufficient when taken singly to warrant their adoption, 
but when the combined effect is considered, their use might 
easily be justified. 

The automatic control which is described in the following 
pages was installed last winter in the Union, Illinois, substation 
of the Elgin & Belvidere Electric Railway Company, and inso- 
far as the authors are aware, it is the first installation which. 
fully meets the definition of an automatic system as given in 
the opening paragraphs of this paper. The railway company 
operates a standard gage, single-track, 600-volt interurban 
trolley system. Electric energy for the system is purchased 
from the Aurora, Elgin & Chicago Railroad at 26,000 volts, 
three-phase, 25-cycle, and is delivered to substations at Gilberts, 
Union and Garden Prairie, where it is transformed and converted 
into direct. current at the required voltage. The substations 
each contain a standard 300-kw. 600-volt, 25-cycle, three-phase 
synchronous converter, three 110-kw. 26 ,000-370-volt, single- 
phase, oil insulated, self-cooled transformers, a reactance coil, 
a high-tension panel and switching equipment, and three low 
tension panels. The above apparatus was delivered and in- 
stalled in 1906. The automatic equipment was installed in 
December, 1914, in the Union substation for the purpose of sav- 
ing the light load losses and giving the attendant more time 
for his other duties. The management of the road decided 
after some experience with the first installation to adopt the 
new system of control for the two remaining substations, and 
in August, 1915, eight months after the first installation, all of 
the substations were equipped with automatic control, as de- 
scribed and illustrated in the following pages. 

A general idea of the amount and relative dimensions of both 
the hand-operated and automatic-control equipment may be 
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ment and the standard hand-operated devices originally supplied 
with this substation, and which have for convenience been 
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grouped at the right-hand side of the diagram. Wherever a 


dead-ended wire appears in this sketch with the sign ‘‘ X”’ or 


“O” it indicates that the wire runs directly back and is elec- 


trically connected to the ‘‘ X ”’ or ‘‘O”’ side of the a-c. control 
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switch. The wires with the negative sign adjacent to them 
are connected to the grounded side of the d-c. system. This 
convention was adopted to avoid a confusion of lines in the 
diagram. 

The automatic equipment is wired in multiple with the 
existing hand-operating devices and does not conflict with them 
in any respect. The station can be instantly converted from 
hand control to automatic, or vice versa, by throwing the double- 
pole, double-throw switch marked No. 8 in Fig. 1. The various 
relays and switching mechanisms used with the automatic con- 
trol may be divided into six groups. The first of these consists 
of an adjustable contact-making voltmeter, marked No. 1, 
and an adjustable current-holding relay, No. 37. These selec- 
tive devices initiate the process of starting or stopping the 
machine. The second group consisting of relays 2, 3, 4, 5 and 
6, is arranged for transmitting or stepping up the action of the 
aforementioned selective devices. Group three includes a 
motor-dirven drum controller shown in the lower left-hand 
corner, a small d-c. exciter, and an electrically operated oil 
switch shown at the upper right-hand section of the diagram. 
The next set consists of contactor No. 17 which opens the 
shunt around the series field when the machine is started; also 
four-pole contactor No. 14, which is used for fixing the polarity 
of the converter by momentarily closing its shunt field across 
the terminals of the exciter, and contactor No. 31 serving the 
purpose of a field break-up switch and closing the shunt field 
of the converter across. the terminals of its own armature. 
The contactors which carry the full load current of the con- 
verter constitute group 5, and consist of two double-pole con- 
tactors marked ‘“‘S”’ and “R,”’ which are used respectively 
for applying one-half and full voltage to the slip rings of the 
converter; also four single-pole contactors No. 18, 19, 20 and 
21, which are used in conjunction with a cast grid resistance 
as a load limiting device. Group 6 includes the protective de- 
vices and is made up of the following relays: Inverse time 
limit overload No. 26; a-c. low-voltage No. 27; instantaneous 
overload No. 28, 24 and 25; reverse current No. 35 and 36; 
and relay No. 37, which is counected to the three thermostats 
marked No. 38. 

It might be as well before proceeding further to disease the 
salient features of the selective devices comprising the first 
group. Contact-making voltmeter No. 1 consists of an elec- 
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tromagnet permanently connected from the overhead trolley 
line to the negative rail. It is provided with a moving plunger 
connected to a pivoted contact-making arm, which moves be- 
tween an upper and lower stud, depending upon the value of 
the line voltage. The contact arm touches the top stud in 
the low-voltage or open circuit position. The closing of this 
contact is the initial movement for starting the rotary and it 
does not leave the upper post until the voltage exceeds 500. 
The lower stud is the cut-out position and the movable arm 
reaches it when the trolley potential exceeds 600. The con- 
tact arm, as shown in Fig. 1, is in the mid-position and indi- 
cates approximately 550 volts. A dash pot connected to this 
arm retards its movement about six seconds and prevents its 
responding to momentary fluctuations in the voltage. Arranged 
in circuit with the magnet of the contact-making device is a 
high-resistance tube, shown in the sketch just above the volt- 
meter. This resistance tube is normally short-circuited by the 
auxiliary contact of current relay No. 37, and under these con- 
ditions the instrument functions in its normal way. However, 
when more than a predetermined amount of current flows 
through relay No. 37, its plunger and disk are both raised, re- 
moving the short circuit from the high-resistance tube and 
placing this resistance in circuit with: the magnet coil of the 
voltmeter. This action as applied to the magnet coil is equiva- 
lent to a condition of low voltage, and the contact arm will 
maintain its position at the upper stud. 

It will now be possible to follow each device in its proper se- 
quence through a complete operation of starting, running and 
shutting down of the converter. Let us assume that there are 
no cars operating in the zone of this station, and that the poten- 
tial on the overhead trolley line is between 550 and 600 volts. 
At this time the various devices in the station are in the position 
shown in Fig. 1, and as a car or train enters this zone, the poten- 
tial on the trolley will gradually be reduced to a value of 500 
volts. Under these conditions the movable arm of contact- 
making voltmeter No. 1 would touch its upper stud, and this 
would complete a circuit through the magnet coil of relay No. 

*2, whose plunger and auxiliary contact disks would be drawn up 
against and short-circuit its contact studs. The upper disk of 
this relay would form a permanent ‘circuit for holding up its 
plunger, and the lower disk in the upper position would complete 
a circuit for the magnet coil of relay No. 3. It will be observed 
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that relay No. 2 serves the double purpose of removing the arc 
from the contacts of voltmeter No. 1 and of a switch for com- 
pleting the circuit for relay No. 3, which is constructed so that it 
does not break its contact immediately after the magnet is de- 
energized. The plunger is provided with dash pot, toggle and 
lost motion mechanism, so that it drops slowly for two and one- 
half minutes without opening its top contacts, but at the end of 
this period of time it engages the toggle and opens the main 
contacts. The timing device is necessary in order to provide 
against this station being shut down when the only car in its 
zone ceases to take energy and stops for a short time to load 
freight or receive train orders. When this same relay is energized, 
its plunger is raised instantly, and completes a circuit through 
the interlocks of relays No. 26, 27 and 37, and also through the 
magnet coil of contactor No. 4. The last-named contactor 
supplies current to one of the main studs of contactor No. 6 
and also to finger No. 14 of the drum controller.- At the off posi- 
tion of this drum controller, finger No. 17 is in contact with a 
segment of the same group and electrically connected to control- 
ler finger No. 14, which energizes finger No. 17 and the circuit 
to the magnet coil of contactor No.6. This contactor then closes 
and completes the circuit supplying energy to a single-phase 
motor used for driving’ the drum controller which is operated 
only during the time the converter is being brought up to syn- 
chronous speed and connected to the line. The time required for 
this operation is approximately thirty seconds. As the controller 
drum is rotated toward the right, the short segment in the same 
group as those which engaged fingers No. 14 and 17 is brought 
in momentary contact with controller finger No. 16, which ener- 
gized this finger and the circuit to the magnet coil of contactor 
No. 5. The closing of contactor No. 5 energizes finger No. 1 
of the drum controller, and also completes a circuit for closing 
the high-tension oil switch marked No. 7. 

It should be noted that No. 5 contactor is in reality a master 
switch and has an important part to perform in the sequence of 
operation, as all the circuits required for operating the main 
solenoids switches are supplied through its main contacts, and 
when it is opened all the main solenoid switches immediately 
resume their normal or open position. Contactor No. 5 can be 
closed only when finger No. 16 engages the short controller 
drum segment opposite. Contactor No. 5 may, however, be 
held closed although it will not pick up through the segment 
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which bears on controller finger No. 15, and it is important to 
note that the starting position is thus definitely fixed by the length 
and location of the short segment opposite finger No. 16, and 
that at no other position of the controller can any device be 
closed unless finger No. 16 has first been energized, and coincident 
with this an uninterrupted circuit has been established through 
finger No. 15. 

The holding circuit for contactor No. 5 through finger No. 15 
is also carried through the auxiliary contacts of the reverse cur- 
rent relay and the auxiliary contacts of the oil switch mechanism 
when the oil switch is closed. When finger No. 16 was energized 
finger No. 2 was also energized and closed the circuit to the mag- 
net coil of the double pole a-c. contactor marked S. The closing 
of this contactor places half voltage on the slip rings of the con- 
verter and the armature starts and reaches synchronous speed in 
approximately fourteen seconds. Finger No. 4 then engages its 
segment and energizes the four-pole contactor No. 31, closing it 
and momentarily placing the field of the converter across the 
terminals of the d-c. exciter, promptly fixing the polarity of the 
converter. 

Segment No. 4 runs off in four seconds, dropping four pole con- 
tactor No. 31, but before this action is completed, finger No. 3 
engages its segment and closes field break-up switch No. 14, 
placing the shunt field of the converter directly across its own 
armature. As the rotation of the controller continues finger 
No. 2 disengages and finger No. 5 engages a segment. This 
open circuits starting contactor S and closes running contactor 
R, placing full voltage across the slip rings of the converter. 
Contactors S and R are both electrically and mechanically inter- 
locked. 

Full d-c. voltage is now available at the terminals of the 
converter, and as double-pole, double-throw switch No. 8 is 
in the upward position for automatic operation, and the circuit 
to finger No. 6 of the drum controller is energized from the posi- 
tive terminals of the converter, contactor No. 17 is then closed 
by finger No. 12 and the circuit closed to the series field shunt. 
The moving contact of polarized relay No. 36 closes the circuit 
through finger No. 7, and energizes the magnet coil of contactor 
No. 18. The negative side of the control circuit of this group of 
contactors is carried through the auxiliary contacts of both the 
a-c. contactor R and the field break-up switch No. 14, and should 
either of the last named devices be in their open position, a cir- 
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cuit through the magnet coils of line contactors Nos. 18, 19, 20 
and 21 could not be established. Contactor No. 18 now closes 
and connects the positive side of the converter to the positive 
bus through a cast grid of 0.7 ohm resistance shown above con- 
tactors No. 19, 20 and 21. Finger No. 8 then closes contactor 
No. 19 which short circuits one-third of the resistance. The 
negative side of the magnet coil of contactor No. 19 is carried 
through the auxiliary contacts of current limit relay No. 23, 
which is normally closed, but is opened on overload. The two 
remaining line contactors No. 20 and 21 are closed in the same 
manner through controller fingers No. 9 and 10 and the converter 
connected to the line without a limiting resistance. The drum 
controller has now advanced to its full running position and 
finger No. 17 has disengaged its segment and opened the holding 
circuit of contactor No. 6. This contactor when closed completes 
the circuit through the motor driving the controller and as it is 
now opened, the motor and the controller drum stop and the 
converter continues to run so long as the output of the machine 
is above the predetermined value for which the current coil of 
No. 37 is adjusted. 

If an overload should occur on the d-c. system, overload re- 
lays No. 23, 24 and 25.would operate and open contactors No. 
19, 20 and 21, placing resistance in. the circuit... These three 
overload or current limiting relays are calibrated for 700, 800 
and 900 amperes respectively, and the number which would 
drop out would, depend therefore, upon the magnitude of the 
overload. The relays would reset themselves and close these 
contactors when normal conditions had been restored, It will 
be observed that these contactors take the place of the stand- 
ard circuit breaker. 

A short circuit in the machine. such as a flash. between the 
converter slip rings or brush holder studs, operates inverse 
time limit overload relay No. 26 which opens the circuit of the 
magnet coil of contactor, No. 4, and as this contactor completes 
the holding circuit of contactor No. 5, the latter will now open, 
and in so doing will open all of the solenoid switches carrying 
the main current. Before these main line contactors could be 
reclosed, it would be necessary for the motor driven drum con- 
troller to again operate through its complete cycle. It should 
be particularly noted that overload relay No. 26 may be set 
so as definitely to limit the number of its actions to either one 
or two operations, ?P 


PLATE CXIl. 


A 


XXXIV. 1915 


VOL. 


Avjal Buipjoy yuesing—y,¢e 

Avlel Ppaziiejog—ge 

IojyoejUoOD BurjyIoxs pjey ejod inoqy—T¢ 
A¥al aBEYJOA MOT D-V—lzG 

SAB]OI PVO]IBAO JIMA] 9WIT} aSIOAUT—9z 
SAP]O1 YIU] JUelIND snoourqyuLysuUy-—cZ 
SABO JUNI] JUSIIND snosuLyULysSU[—FzZ 


[MOTAVL GNV NA 11] 


sAv[al JIU] JUeTINO snosUuLzULsU[—EZ 
soouvysisol pls 4sej—zzg 

1OjOV4{UOD BUIIWIT peo T—T{zZ 
10}0RU0D BUTIyIWII] Peo ]T— Oz 
JOjORYUOD BuIpIWI]T Peo yT—fGT 

YOJIMS UT, pezetado plous;jog—eT 
Iojoeyuoo Suruuni o-v Uley\y—9gT 
yours dn-yeelq pletJ—Ppl 


Gord 


Iojoe{uos o-e Burlyieys JaqIaAU0Q—OT 

puey 0} d1yeUIOJNe Yo IIMS JOAOC-9dUeYO—g 
I0j0eYUOD 10JO0W D-y—9 

J0jeyUOD Ja4sey[—G 

$10}9e8{U0D—F 

(saqnutut £Z) Aver peyyodyseq—e 

ABaI yORyUoD sTqn0q—z 

Isjawyjoa Buryeur yoryu0j—T 


FNI7 DY 
oa 


PLATE CXIll. 
Al, Este 
VOL. XXXIV, 1915 


[ALLEN AND TAYLOR] 


Fic. 3—SUBSTATION AT UNION 


[ALLEN AND TAYLOR] 
Fic. 4—Arrows INDICATE THE AUTOMATIC EQUIPMENT 


PLATE CXIV. 


A. 
VOL. XXXIV, 


EWE: 


1915 


[ALLEN AND TAYLOR] 


Fic. 5—REAR oF AUTOMATIC PANEL 


Hand-Operated Panels at Left Side 


1915]. AUTOMATICALLY CONTROLLED SUBSTATIONS 1813 


Low-voltage a-c. relay No. 27 is adjusted to break its aux- 
iliary contacts if the voltage falls below 10 per cent below the 
normal value and the resulting action is the same as that de- 
scribed for relay No. 26. Three thermostats marked No. 38 
afford protection to the apparatus from overheating. The 
auxiliary contacts of these devices complete the holding circuit 
of relay No. 37, which is normally in the closed position, al- 
though its action when opened is similar to that described for 
relays No. 26 and No. 27. The thermostats are located in the 
bearings and in the air currents from the armature ventilating 
ducts. The reverse current relay No. 35 opens master con- 
tactor No. 5, which action, as previously explained, will open 
all of the main control circuits. Contactor No.5 is also opened 
by the mechanical speed-limiting device on the converter arm- 
ature shaft. 

_ Assuming that conditions have all been normal and that the 
car or cars are leaving the zone of this substation and its energy 
output is gradually decreasing in value, the plunger of current 
relay No. 37 will finally drop, closing its auxiliary contact and 
short circuiting the resistance in series with the contact-making 
voltmeter, allowing it to function in its normal manner. The 
voltage on the machine is. now 600 or above and the movable 
arm of the contact making device engages the lower contact stud, 
short circuiting the magnet coil of relay No. 2, allowing its 
plunger to drop and open the magnet circuit of relay No. 3. 
As the magnet coil of relay No. 3 is now open, its plunger be- 
gins to fall and is retarded by the action of a dash pot. At 
the end of 2} minutes, the plunger has completed its travel 
and engages the toggle, opening the holding circuit of con- 
tactor No. 4 which de-energizes the circuit to controller finger 
No. 14, and drops out master contactor No. 5 shutting down 
the station. When contactor No. 5 opens, the lower auxiliary 
contacts close, energizing controller finger No. 19, which in 
turn energizes finger No. 18 and thereby closes contactor No. 6 
in the circuit of the motor driving the controller, which starts 
and advances the drum to the position indicated in Fig. I. 
A complete cycle has now been finished and the equipment is 
ready for the next cycle. 

This paper has discussed automatic control with special 
reference to its application to electric railways. It may, how- 
ever, be used with advantage to control converting apparatus 
supplying energy to direct-current lighting and power systems, 
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and when so applied the action of the contact-making volt- 
meter can, if necessary, be supplemented by a contact-making 
time clock. Some conditions of operation in large Edison 
systems may even warrant the use of a control wire from the 
substation to the load dispatcher’s office and thus provide addi- 
tional means for controlling the starting and stopping of the 
machine. Substations containing more than one unit would 
use a contact making ammeter to initiate the starting action 
of the second and third units. The saving in feeder copper 
due to increasing the number of substations supplying energy 
to an Edison system should be given careful consideration in 
either laying out a new system or extending an existing three- 
wire network. 

The automatic system may with certain modifications be 
applied to the control of hydroelectric generating stations. 

Short circuits and heavy overloads on the busbars of rail- 
way substations frequently transfer all of the load to one ma- 
chine by opening the circuit breakers of the other units opera- 
ting on the same buses. This may result in flashing the unit 
remaining on the buses, and if this does not occur, the machine 
breaker will probably open and completely shut down the sta- 
tion. The combination of the load-limiting resistance and its 
automatic overload relays and contactors may be applied to 
advantage in these substations to prevent interruptions of the 
nature described above. 

The presentation of this subject must be confined to its 
proper limits and as a full discussion of the possibilities of auto- 
matic control would lead us far afield, the paper will be sum- 
marized with the statement that the practise of converting and 
delivering a large amount of energy from a single substation 
is attended with difficulties that have retarded in some measure 
the growth of the systems which they supply. The methods 
of centrol described in this paper will modify the condition 
which have heretofore restricted the application of converting 
apparatus and may, therefore, extend the economical limits of 
low voltage systems of distribution. 

Acknowledgment should be made here of both the advice 
and encouragement received from Bion J. Arnold, owner of 
the Elgin & Belvidere Electric Railway Company, who promptly 
grasped the possibilities of the automatic control and provided 
the initial opportunity to demonstrate in actual service the 
desirability of an equipment of this character. 
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Alex Dow, president of the Detroit Edison Company, pointed 
out in 1911 the limitations in the present methods of operating 
substation apparatus and suggested the use of remotely con- 
trolled equipments. His activities resulted in the installation 
of a remotely controlled substation at Detroit which has operated 
with success since 1912. The automatic control carries to a 
logical conclusion the interesting ideas involved in the instal- 
lation at Detroit. 
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DISCUSSION ON ‘‘ AUTOMATICALLY CONTROLLED SUBSTATIONS”’ 
(ALLEN AND TaAyiLor), SAN Francisco, Cau., SEPT. 16, 
1915. 


A. H. Babcock: Some years ago when a rather large moun- 
tain railway electrification was being studied, an attempt was 
made to lay out two substations so that they could be operated 
only when the trains might demand the power. At that time 
automatic operation had not been suggested. The idea was 
merely to save substation apparatus, in order that the machines 
might have time to cool down, having planned to over-load them 
very heavily as the trains went by. The automatic control of 
such substations, considering the machine capacities there 
involved, is a little startling, particularly when one has been 
brought up with the old-fashioned machinery that required 
the very best of attention. ‘ 

I cannot agree with the previous speaker, that substations 
should be placed in certain locations merely for the purpose of 
preventing electrolysis. There must be some deeper and more 
general reason than that. Electrolysis where it exists, or where 
the potentials producing electrolysis exist in a dangerous degree, 
can be taken care of much more easily, as has been found in one 
case in particular, by the introduction of a booster set auto- 
matically controlled by a voltage regulator. One such installa- 
tion in Oakland, Cal., is now working out very nicely. The 
action is entirely automatic and the potentials of the track 
at the dangerous point are kept very closely to busbar poten- 
tial, t.e., within a fraction of a volt (on a 1200-volt line), which 
seems to be quite close enough. 

On long interurban lines, such as are common in this part 
of the country, a very great field for this sort of thing seems to 
be open. One company is now planning a considerable exten- 
sion on a 1500-volt system, and if such a development as is 
outlined in this paper can be introduced generally, the facts 
should be made known. 

R. F. Schuchardt: The foundations for economical power 
generation have now been well laid and the further work of the 
operating engineer is directed toward refinements in methods 
and apparatus that will result in still further reducing the cost 
of that part of the service represented by the electricity. 

The installation described in this paper is a very interesting 
one and is working quite satisfactorily. 

As Mr. Babcock has indicated, this development will undoubt- 
edly have an important bearing on the electrification of steam 
railways. 

The authors have stated in their paper and Mr. Place has 
repeated that while the installation described is used in con- 
nection with railway service, the scheme is also applicable to 
lighting systems. This is true, but to a very much lesser extent. 
The conditions surrounding an interurban railway system, such 


1915] DISCUSSION AT SAN FRANCISCO 1817 


as the one referred to in the paper, are unusually favorable for the 
development of automatic substations; but with a lighting 
system, especially in the larger cities, the problem is not so 
fortunate with regard to simplicity. In the latter the voltages 
must be maintained much more closely; the inter-connected 
network maintains the voltage so that if a machine drops off 
there is a comparatively small decrease of pressure in the back 
feed; and the regulating devices also complicate, somewhat, the 
starting arrangement. While these and other conditions make 
the situation somewhat complex, the engineering solution is 
of course, not difficult but it is probable that the cost of the 
necessary apparatus for making such lighting substations auto- 
matic without sacrificing reliability may be so high that the 
fixed charges on this apparatus will much more than offset the 
difference in the operating cost. 

Another element that enters is the size of unit which can be 
safely operated in this manner. I do not believe that the 
authors would at this time recommend placing a 3500- or 4000- 
kw. unit on the automatic basis and the cost of available space, 
especially in the larger cities, is so high that units of such size 
must be used to obtain an installation which is sufficiently 
economical to permit selling energy at the low rates prevailing 
in such cities. In such lighting substations, however, where 
units are comparatively small, as in outlying substations, the 
problem may be successfully worked out. . Since, as stated in 
the beginning, the successful solution will result in further 
economy, it is desirable that central stations assist in this de- 
velopment and I would suggest that several companies try out 
this scheme, say, on a single unit in one of the smaller sub- 
stations where it will be under the eye of an operator who is 
taking care of the other units in the same substation. Such 
actual trials should assist materially in discovering faults which 
may be in the present apparatus and in eliminating them. 

H. R. Summerhayes: In my connection with the engineer- 
ing department of a manufacturing company I have noticed the 
wide variety of requirements of automatic stations. The first 
station, which at that time was called an automatic station, 
was that installed in Detroit—it is really a semi-automatic suk - 
station, controlled from a distance. The starting was taken 
care of from a distance, but the operation of the station was 
automatic,‘so far as taking care of short circuits or other 
emergencies. 

Since I worked out the details of that station, which was 
originally suggested by Mr. Dow, of the Detroit Edison Com- 
pany, I have been consulted a good many times on other auto- 
matic stations, and as I say, I have noticed a very wide variety 
of requirements. All the operators appear to have different 
requirements—some prefer to start with a time-clock, and 
some prefer to start according to the demand for current, as 
is the case with the substations described in the paper now 
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under consideration. Other operators believe that for rail- 
way substations the tendency is toward controlling a number of 
small substations from a central station by control wires. 

For railway substations the first one in operation, described 
in the paper by Messrs. Allen and Taylor, uses the principle 
of inserting a resistance instead of opening the circuit breaker. 
Other stations have been designed and will shortly be put into 
operation, in which the automatic operation follows very closely 
the usual practise of the operator; that is to say, we all know in 
railway work, that when an over-load occurs and the circuit 
breaker opens, the operator replaces it, and if it comes out 
again, he replaces it after an interval, etc. Stations have been 
worked out in which that is done automatically, instead of in- 
serting resistance, and some engineers believe that this method 
has advantages over that described in the paper. Other sta- 
tions have been designed in which a combination of the two 
methods is used. 

In working up the design of wiring diagrams for these auto- 
matic substations it is necessary to be familiar with the con- 
ditions of operation and to try to foresee anything that may 
happen. For instance, you have to assume a short-circuit 
out on the line, close to the station, in the station itself or in 
the machine, and figure out what is going to happen; and if the 
apparatus does not take care of it, it should bemade to. You 
have to assume that any relay or any switch may fail, and then 
you must be able to predict what will happen. The arrange- 
ment should be such that any single piece of apparatus in the 
automatic operation may fail without doing any damage, and 
that the worst thing it could do would be to shut down the 
station. Of course, we do not want to do that if we can help it. 

The use of automatic substations does away with some 
operators, there will be a smaller number of operators on the 
system; but where there are a number of substations there 
will be required probably one or two inspectors, men more 
expert than operators, possibly, receiving higher wages. 
These men would visit the stations and see that they are kept. 
in good shape, so that the expense of operators is not alto- 
gether done away with, but is greatly reduced. Heating of 
the automatic station is not necessary. That is quite an ex- 
pense in a cold climate. The relays and automatic Switches, 
etc., must be absolutely reliable. They must be reHablein low 
temperatures if there is no heating in the station. They must 
be capable of frequent operation. Sometimes widely fluctua- 
ting conditions demand quite frequent starting and stopping. 

These stations have been designed for either motor-generators 
or synchronous converters. The details of the starting are 
somewhat different. 

I agree with Mr. Place that there is a future for some of the 
principles used in these automatic stations, and for the application 
of some of these principles to the starting of large machines in 
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city systems. By using semiautomatic starting, we will get 
absolutely correct sequence of operation and starting, the same 
every time, eliminating, to some extent, the human element. 

I do not believe in increasing the number of substations. 
That was pointed out in the paper as a possible consequence 
of the use of automatic stations. I believe it would be better 
to keep the number as low as possible, even at some increased 
capital expense. 

C. W. Place: -Mr. Babcock mentioned the matter of the ex- 
pense of such equipment. If the saving of a $60 a month 
operator, and the price of power, say, at 5 mills, is capitalized 
there is about six or eight times the investment available. 

Locating railway substations in the congested downtown 
districts, where the return would be short and consequently the 
drop would be small, will prevent any trouble from electrolysis. 

As to Mr. Schuchardt’s remarks, the operation of a station 
at Union, Illinois, has been exceedingly satisfactory. At the 
time I inspected the operation the commutator of the converter 
was becoming much better than it had been under hand opera- 
tion. At that time the station had been in operation three 
weeks, and where the circuit breakers had been previously 
opening about twenty times a day, due to overload, there had 
been two openings of the circuit breaker which had been left 
in series with the station. The limiting resistance functioned 
several times while I was in the station and dropped the trolley 
voltage slightly. In one case the station accelerated a car 
from directly in front of the station. It worked to perfection. 

Concerning Mr. Summerhayes’s comments on the current- 
limiting resistance versus the frequent opening of feeder circuit 
breakers, I believe that is touched on in the paper by point- 
ing out the effect of throwing the 600-volt line directly on the 
railway equipment, working at low counter e.m.f. This easing 
on of the synchronous converter set of our contol system will bea 
great advantage and of benefit to the life and condition of the 
commutators of railway equipment. 

Regarding the possible failure of parts, the equipment that 
has been used in the stations which have been installed has 
been of standard parts, such as are used in steel mill and switch- 
board work. They have all had very severe tests and there 
has been absolutely no failure on that score. 
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STANDARD MARINE ELECTRICAL INSTALLATIONS 


BY H. A. HORNOR 


ABSTRACT OF PAPER 

The requirements of merchant and naval installations are 
cited in brief. The rules of the classification societies are 
reviewed and present practise is fully discussed. Then follow 
the specific applications to a number of different types of ships, 
including both merchant and naval vessels. The reasons for 
the application of electric propulsion to a battleship are briefly 
given. 


HE ESTABLISHMENT by the Institute of a Committee 
on the “ Use of Electricity in Marine Work” has been 
fully justified in that already a number of papers on specific 
equipments such as electric steering gear, gyroscopic com- 
pass, electric heating, searchlights, electric propulsion, etc., 
have been presented, discussed and recorded. There is here 
a two-fold value: the segregation for reference and research by 
those concerned in this work, and the increased value to the 
Institute as its part in the development of what presages to 
be one of the important applications of electricity. This Com- 
mittee, having collected data on all the important points con- 
nected with marine electrical installations from as many dif- 
ferent sources as possible, desires to present a monograph re- 
cording the best practise at this time in this country. 

The rules and requirement for merchant vessels will be first 
treated; next will follow the general considerations for govern- 
ment vessels; and then a brief consideration of the applica- 
tions to a number of different types of vessels. 7 


GENERAL REQUIREMENTS FOR MERCHANT PRACTISE 


Merchant vessels are usually constructed in accordance with 
the requirements of some classification society which establishes 
also the rules for the electrical equipment. In this country 
most of the vessels are built to the requirements of either the 
American Bureau of Shipping or Lloyd’s Register of British 
and Foreign Shipping. Other classification societies are Bureau 
Veritas (French), Germanischer Lloyd (German), British Cor-- 
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poration (English), and Great Lakes Register (U. S A.). 
Besides the rules of these underwriting societies the electrical 
installation must conform to the rules of the Steamboat In- 
spection Service, under the cognizance of the Department of 
Commerce, in certain cases to the rules of the National Board 
of Fire Underwriters, and also to certain specifications issued 
by the owners of the vessels. The rules of the societies above 
mentioned and those of the government are general in character 
and apply to all classes of vessels. The requirements of the 
owners are usually specific and serve to standardize for them 
the various equipments so as to reduce upkeep and maintain 
a similarity of spare parts. It frequently happens that the 
owner specializes in a certain trade and his vessels are therefore 
built and equipped for this definite’ purpose. 

The requirements of the American Bureau of Shipping for 
the electric plant are briefly as follows: The voltage shall be 
about 125 volts, preferably direct current. - If alternating cur- 
rents are used there must be an increase of 50 per cent in the 
insulation resistance of the wires. Generators must be insulated 
by mounting them on dry wood or other equivalent insulation. 
The same requirement applies to motors. No single wire 
larger than No. 12 A. W. G. is allowed, and no single solid 
wire smaller than No. 14 A. W. G. except in fixture wiring. 
Both conduit and wooden molding for the protection of the 
conductors are allowed, but conduit is preferred through- 
out. A heavier insulating covering is required for conduct- 
ors led through unlined conduits. Slate or marble switch 
boards are required, equipped with necessary instruments, 
cut-outs, knife switches, etc. When the wires are carried 
through the steel structure they must be led through metallic 
conduits or protected by hard rubber or equivalent bush- 
ing. ‘Twin wire is not permitted in conduit if the circuit passes 

gethrough the fire rooms or other hot places in the ship. Stuffing 
‘tubes are required wherever the conduit passes through a deck 
or water-tight bulkhead. All joints and splices are protected 
by water-tight junction boxes. Cut-outs, as much as possible, 
to be limited to centers of distribution but are allowed on mains 
if properly protected by a water-tight box. No circuit requir- 
ing more than six amperes must be dependent upon one cut- 
out. Where exposed to moisture, lamps must be provided 
with a vapor-proof globe, and for mechanical protection, a guard. 
Although portable desk lamps are permitted, lights must not 


1915] HORNOR: MARINE INSTALLATIONS 1823 


be suspended with flexible conductors. Signal lights must be 
on a separate circuit and controlled in the pilot-house from 
a tell-tale board which indicates a defect in the lamp or circuit. 
All leads to seachlights must run directly from the switchboard 
to.a switch near the searchlight. Arc lamps are permitted but 
must be protected by cut-out and switch and from mechanical 
injury. To prevent the effect of electric currents on the ad- 
justment of the magnetic compasses both polarities must be 
carried in the circuit. 

The American Bureau of Shipping makes the following special 
requirements for oil tank vessels: Electric lighting only to be 
used. Single-wire system not permitted. Special designs 
of fixtures and appliances must be made if permanent lights are 
used in any spaces subject to vapor or gas. If wires are run 
in such spaces their insulation must be unaffected by oil or oil 
fumes. Generating sets in duplicate are required and all wires 
must be encased in conduit. _ 

The rules of Lloyd’s Register differ slightly from the American 
Bureau and only the important differences will be noted. No 
preference is stated as to kind of current or the amount of volt- 
age. ‘‘ Double-pole’’ fuses are not permitted when the volt- 
age exceeds 125 volts. Permission is granted, in addition to 
the use of wooden moldings, and conduit, for the employment 
of steel-armored conductors secured by screwed clips. Cables 
exposed to the weather or moisture must be lead-covered as 
well as steel-armored. As in the use of conduit, stuffing tubes 
must be provided at water-tight bulkheads and decks. The 
switches on main switchboard must be of the quick-break de- 
sign. The signal lights must be controlled from a point acces- 
sible to the officer of the watch but a tell-tale indicator is not 
required. Special rules are given covering the single-wire 
system, but American practise is entirely committed to the two- 
wire system. Single-wire system is not permitted on oil tank 
vessels. All wires in spaces subject to petroleum vapor or gas 
to be lead-covered or the insulation to be unaffected by petro- 
leum. No joints, switches, or fuses, are allowed to be located 
in the pump rooms of oil tank vessels. Wires to lamps to be 
carried to the pump room from distribution junction box placed 
outside. Compasses should be adjusted with and without the 
generators running. 

It is to be noted that the classification societies make no 
rules governing the installation of interior or exterior signal- 
ing systems. 
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The rules of the Steamboat Inspection Service do not relate 
to the intimate points of installation or equipment but rather 
to the provision of appliances for protection to the vessel, her 
passengers, cargo, and crew. Vessels using a gong signal must 
have a tube returning to the pilot-house so that the signal 
when given in the engine room may be heard at the same in- 
stant in the pilot-house. This is usually an additional pre- 
caution on large vessels in case of derangement of the mechanical 
or electrical telegraph, which must be arranged to repeat the 
signals between the pilot-house and the engine room. ‘On all 
steamers where the distance is more than 150 feet between 
perpendiculars of pilot-house and forward part of the engine 
room ”’ a telephone must be installed in lieu of a speaking tube. 
Vessels which do not keep watchmen on guard day and night 
in the sleeping accommodations must equip such quarters with 
alarm bells which can be energized at will from the bridge or 
pilot-house. No lights are allowed on the outside of the struc- 
ture of the cabins or hull that will interfere with distinguishing 
the regulation signal lights. Passenger-carrying steamers 
lighted by electricity, and whose dynamos are located below 
the deep-load line, must carry an auxiliary lighting system above 
the deep-load line. This auxiliary lighting system must be 
sufficient to allow the passengers and crew to readily find their 
way to the exist. On account of this latter provision vessels 
are permitted to carry gasoline to the amount necessary to 
provide for such auxiliary lighting and wireless system. These 
regulations further provide for the type and location of the 
signal lights—port, starboard, masthead, range, and stern— 
and such lights that should be displayed when the vessel is at 
anchor, aground, etc. A prolonged fog-whistle must be blown 
at intervals of every two minutes by a vessel under way and two 
prolonged blasts every two minutes when not under way. When 
towing another vessel, or being towed, a prolonged blast fol- 
lowed by two short blasts must be sounded. 

Voice tube must be installed between pilot-house and wire- 
less station. 

The rules of the National Board of Fire Underwriters are 
now in the process of revision, for which purpose many con- 
ferences were held with the Marine Committee of the Institute. 
There are a few vessels which ply inland waters that come under 
the jurisdiction of the Fire Underwriters, as will be noted later, 
and it is but natural that their rules will coincide with those 
of the classification societies and established marine practise. 
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From the foregoing it will be seen that the owner, for general 
methods of installation, needs only to state that the electrical 
installation must conform to the rules of the classification 
society. The owner then specifies what the requirements of 
his service are, namely, the number and size of the generating 
sets, the number of searchlights, incandescent lamps, motors, 
etc., etc. Special signaling devices other than those required 
by law are often necessary for the convenience of the officers, 
passengers, and crew. : The owner’s specifications are a guide 
for estimating the cost and accomplishing a formal contract. 


MercHANt Marine PRACTISE 
In general, the commercial installations in this country com- 
bine wooden moldings and iron conduit. The manufacture of 
steel-armored lead-covered wires was started in this country 
about four or five years ago and was recently adopted by the 
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Navy. It is usual to find that one practise influences the other, 
so that now the use of steel-armored conductors in merchant 
practise is increasing. 

For vessels designed with the propelling machinery aft, re- 
quiring long leads to the amidships and forward compartments, 
it is necessary to provide a sliding connection for the conduit 
and a loop box for pulling in the wire. This is necessitated by 
the expansion and contraction or working of the structural 
parts of the vessel: Two designs of such appliances are shown 
in the illustrations. Oil tankers are so arranged that the elec- 
tric leads must be carried under the walking bridge which con- 
nects the bridge house just forward of amidships and the after 
house; and slip joints are requisite in this type of conduit in- 
stallation. 

Except for very close work all conduits are bent cold, and 
with the exception of the termination of a lead, elbows are not 

permitted. The restriction of fittings of all kinds is deemed 
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advisable. For the purpose of overhauling and to facilitate 
the safe installation of the cables it is necessary to use, especially 
at bends, couplings, but these must not be right and left threaded. 
All conduit connections should be made up with white or red 
lead used generously to aid inspection. 

It is recommended that splicing of wires larger than No. 12 
B. & S. be not permitted and it is further suggested that even 
such small joints be made with’a soldered sleeve. On the other 
hand, care must be exercised in the use of mechanical joints, 
as the working of the vessel may cause the connection to loosen, 
allowing “grounds,” ‘‘ opens,’ or ‘“‘ short circuits.” This is 
not merely a matter of design and material but one of good 
workmanship and careful inspection. 

The distribution of energy, as above noted, is made on a two- 
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wire metallic system. Copper of the highest conductivity is 
used for all wires and the insulation is equal to and often greater 
than the requirements of the classification society. The opinion 
has been expressed that it may be preferable to reduce the re- 
quired thickness of insulation and make the material of better 
quality. The well-advised owner in preparing his specifications 
should see to it that the type of manufacture be clearly stated. 
Feeders are led from the main switchboard to centers of dis- 
tribution, and from thence branch leads, not carrying, except 
in special cases, more than 660 watts. When conditions of the 
ship’s structure or arrangement will not facilitate this method 
of distribution, the feeders are broken by special feeder boxes 
of water-tight construction, mains taken off and branches in 
turn taken directly from the mains. For the lighting system 
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an allowable voltage drop of 3 per cent from the main switch- 
board to the farthest light, and for power 5 to 8 per cent, is 
considered good practise. A potential of 110 volts is generally 
adopted in accordance with the standard incandescent lamp. 
Due to the disagreeable effect and confusion to passengers it 
has been suggested that every compartment for passenger 
accommodation should be supplied with light from more than one 
main feeder. This would not apply on a freight steamer as 
the crew are not so affected. Putting aside the use of fixture 
wire; and.using No. 14.B.. & S. wire for branch circuits, the 
permissible watts should be based on the voltage of the system 
times the carrying capacity of the wire. In this case, as No. 14 
wire carries safely 12 amperes the permissible watts on 110 
volts would be 1500. 

Generating sets are designed so that the prime mover and 
generator are direct-connected and mounted on a common bed- 
plate. As will be noticed subsequently, in small vessels and 
freight steamers where the sets are of small capacity—say 
from 2 kw. to 20 kw.—the prime mover is a reciprocating 
engine. This unit possesses distinct advantages of operation 
from the practical side, as such ships cannot carry an engineer 
expressly for the care of the generating plant. The chief en- 
gineer of such vessels must be well skilled as regards recipro- 
cating engines as these are his means of propulsion, but the 
generating sets must operate with great reliability to satisfy 
this service. The manufacturers today have designed sets 
with forced lubrication and a combination of both forced lu- 
brication and gravity feed so that these sets function ordinarily 
without much attention. There are three points of importance 
from a mechanical standpoint regarding generating sets; first, 
ample reinforcement of the ship structure to form a founda- 
tion for the set. The builders’ designers do not all agree as 
to the proper foundation and in some cases the generators are 
bolted directly to the deck or platform, in other cases a wooden 
base is provided on top of the deck and again still others believe 
in building up a steel structural foundation on top of the deck 
and not bolting down the set until the vessel is nearly com- 
pleted. Next, these sets must be able to operate either con- 
densing or non-condensing with approximately 8 to 10 pounds 
back pressure. They must exhaust either into the feed water 
heater, or into the main or auxiliary condenser, or to the atmos- 
phere.” It is probably because they are usually exhausted into 
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the feed water heater for steam economy, that greater stress 
is not laid upon the efficiency of the prime mover. The third 
point is that for installation on shipboard the steam connec- 
tions must be flanged so as to reduce the number of joints in 
the piping and because of the vibration set up in the vessel 
when the main engines are working. 

Small direct-connected turbine generating sets have been 
employed on shipboard and in certain installations have given 
satisfaction, but opinion among owners differs as to the ad- 
vantages of the turbine over the reciprocating engine. Many 
marine engineers object to the high rotative speeds for direct- 
current generators and the lack of economy unless a high vacuum 
can be provided. On the other hand, some engineers prefer 
the turbine drive because of the reduction of upkeep and ease 
of operation. 

The use of reduction gears between the turbine and generator 
is now being suggested. In this set the water rate will doubt- 
less be greatly reduced, approximately 10 per cent, and the 
speed of the generator can be brought down to reasonable 
limits with high speed on turbine. Although such sets have 
been installed, no service data are available for comparison or 
comment. These sets, however, have shown, as expected, a 
great reduction in weight and water rate. 

The generator is usually compound-wound and in the larger 
sizes provided with commutating poles. Special precautions 
are taken so that oil cannot creep along the armature shaft 
‘and that non-corrosive parts are furnished. A hand rail 
or guard is mounted around the generator set, in order that no 
one may be thrown against the set when the vessel is pitching 
or rolling. 

The material for switchboards has up to the present time 
been slate and in rare cases marble, but, as will be seen later, 
naval practise has turned to a special composition. This may 
shortly change the merchant practise. Ordinarily the circuits 
are arranged for the parallel operation of the generators, if there 
be more than one. Certain owners prefer separate operation, 
however, and then double busbars are provided with throw- 
over switches. Marine switchboards must be built as com- 
pactly as possible, so that they may be mounted near a bulkhead. 
As was noted above, Lloyds’ rules require quick-break switches 
even on 110-volt systems, and it is recommended that two springs 
be required for each blade. The busbars though mounted on 


1915] HORNOR: MARINE INSTALLATIONS 1829 


insulation are bare copper strips, and opinions do not concur as 
to the advisability of insulating the entire busbar. The usual 
instruments are mounted on the face of the board and inclosed 
cartridge fuses are installed on both sides of the circuit. Al 
though it is a matter of expense, on switchboards handling 200 
amperes or over from the main leads of the generating set, double 
arm circuit-breakers are provided instead of fused lever knife 
switches. The refillable fuse of proper design is now being 
introduced, but proper precaution must be observed to prevent 
unauthorized metals replacing the original. 

On vessels of 4000 tons burden or over, the searchlight should 
not be less than 18 inches in diameter. The searchlight feeder 
is run direct from the main switchboard to a fused knife 
switch located usually in the pilot house near the controller of 
the searchlight. A variable external resistance is placed in 
series with the arc for proper adjustment. This is a steadying 
resistance as the arc burns better when the constant potentia 
circuit is as high as 80 volts or higher. Opinions differ as to 
the location of this resistance as much heat must be dissipated 
in order to make this reduction of voltage with relatively high 
current. In some cases the resistance is located near the switch- 
board and in others it is preferred near the searchlight in the 
pilot-house. Up to the present time the lamp mechanism 
has been that of magnets operating through a ratchet on a 
screw, permitting both hand and automatic operation; but the 
naval projector lamp is now operated by a small motor and it 
may be assumed that such will shortly come into merchant 
practise. For adjusting the arc voltage arrangements are pro- 
vided on the main switchboard. To insure against inductive 
disturbances from the wireless telegraph, the exposed leads of 
the searchlight must be carefully encased in an iron shield or 
wrapped with iron wire. This protective covering must be 
well grounded to the hull of the vessel. 

The use of iron branch junction boxes and iron steam-tight 
globe fixtures meets with general approval, and the use of 
brass or bronze is looked upon as a refinement and expense. 
One opinion in this matter is interesting: ‘‘ it discourages theft, 
a source of great annoyance to ship owners from stewards, 
stevedores, etc.’’ It is the consensus of opinion that the guard 
on steam-tight fixtures is in most cases unnecessary and super- 
fluous. Incargospaces, especially on coastwise vessels shipping 
package freight, the fixtures are protected by steel strips placed 
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from beam to beam. There seems no reason why cheaper 
metals should not be used in the ornamental fixtures. The use 
of the heavier metals or alloys. is a matter of taste and expense. 
Foreign passenger vessels have for some time been using ma- 
jolica or beleek fixtures which add to cleanliness, are substantial, 
are more readily insulated and do not require refinishing. 
Two passenger vessels recently built in this country for the 
Great Northern Pacific S.S. Co. were so equipped. The small 
lighting unit, unshielded, is generally employed, although the 
large unit lends itself for the general lighting of large cargo spaces 
and the machinery spaces. The employment of indirect or 
semi-indirect units is very small. This is attributed to the low 
deck height and the usual exposure of the deck beams. It is 
also thought that enough attention has not been paid to the 
proper illumination of passenger accommodations, because of 
the general feeling of/ship owners that the passengers prefer 
to spend their time mostly on deck. The large advance in 
better lighting seen on some of the latest ocean liners does not 
confirm this opinion for a service where the passengers may be 
better cared for inside the vessel during rough voyages. Tung- 
sten filament incandescent lamps are largely used outside of 
the machinery spaces. In these spaces the vibration is such 
as to require the carbon filament lamp.* Units of 250- 
watt tungsten, with proper reflector, have now superseded 
the arc lamp for the general lighting of the machinery spaces. 
Cargo reflectors containing four small lamps are still used as 
portable units for lighting such spaces, as well as for gangway 
lighting. The tendency is toward great lightness for hand 
portable units, and a reduction in the number required to be 
water-tight. The water-tight fixtures add so much weight that 
the lamp is too unwieldy compared to the non-water-tight. A 
simple light wire guard to protect the incandescent bulb is 
deemed sufficient.. The navy standard switch, and switch and 
receptacle are generally used on merchant vessels. There has 
been but one good receptacle and plug designed for water-tight 
work outside of the navy design and this device is very expensive. 
Its use, however, has proved of great advantage. The practise 
in this country still adheres to the Edison screw socket but it 
would seem that improvement must come along this line. Its 
general adoption is evidently caused by land commercial prac- 


*There have been some successful installations of tungsten lamps 
in machinery spaces. 
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tise, but unquestionably a design on the lines of the Edi-swan or 
bayonet type should prove more satisfactory. 

Ordinary land motors are installed but it would be unwise to 
continue this practise if the use of motors increases, as the 
upkeep to the owner would be such that the application would 
soon be discouraged. Motors should be designed so as to pre- 
vent oil from creeping along the armature shaft, a tendency 
when the ship rolls or pitches. Easy means for overhauling 
and the use of non-corrosive parts are essential. It seems that 
the owners of vessels in this country are overlooking the advan- 
tages of economy resulting from a more extended use of electric 
power. The question of first cost is easily counterbalanced 
by the reduction in upkeep, ease and readiness of service pro- 
vided by the electric motor. Many of the applications have 
been long tried in naval service and the apparatus is not of an 
experimental nature. The controlling devices for motors are 
similar to those of land practise except that where exposed to 
the weather and located in the machinery spaces, water-tight 
protecting boxes are supplied. To prevent unauthorized hand- 
ling, non-water-tight sheet metal inclosing cases with padlock 
are provided in all cases. 

Besides those systems of communication which are required 
by law the owner finds many adapted to the convenience of 
passengers and crew. Such systems should be energized pre- 
ferably by a low voltage (20 volts) if used by passengers. The 
general opinion is that only direct current should be used. 
Many attempts have been made to utilize ordinary land tele- 
phones on shipboard but they do not seem to give the service 
desired. Special marine telephones are now being installed and 
carefully watched. A combined system of loud speaking 
telephones between the bridge and engine room and flat speak- 
ing for inter-communicating purposes appears to have some 
merit. The telephones for the bridge and engine room are made 
entirely water-tight and provided with double receivers of the 
watch case pattern. All the telephones are made portable and 
of the hand microphone type, as experience has shown that the 
human body performs the function of a cushion to the ship’s 
vibration better than any other device. Electric telegraphs 
for transmitting orders from the bridge to the engine room, 
for sending docking orders, etc., etc., are often installed on 
merchant vessels, but it is recommended that such instruments 
when needed should preferably be of the lamp type. The 
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electrically operated valve for the main steam whistle in addi- 
tion to the mechanical hand pull is now frequently installed, 
even on freight vessels, and the clock mechanism is arranged with 
two contact disks so that the vessel may comply with the law 
when towing or being towed. In all such applications the object 
most sought after is simplicity and reliability—the functioning 
without attention. 

Fire alarm systems are very rarely installed on freight vessels 
but passenger vessels are always so equipped. The older sys- 
tems have not proved of great value but two systems are now 
on the market; one applicable to cargo carrying vessels by means 
of which not only is the location indicated by smoke coming 
from the compartment but also live steam is admitted to the seat 
of the fire. This requires an expensive system of piping which 
is not always satisfactory. The other system operates on the 
principle of the expansion of air due to a rise in temperature. 
A pipe of very small inside and outside diameter (so small that 
it can hardly be seen when exposed on the decks or bulkheads) 
is installed in all the compartments. This pipe may be placed 
on the trim or cornice and is very unobtrusive. A fire may in 
this way be detected while in the early stages and large areas 
easily and economically protected. The indicating devices can 
be located in two or more places and, as is frequently done, 
can be made to resemble the deck plans of the ship. The in- 
dications are given by the lighting of a small battery lamp 
and the sounding of an alarm. 

An increasing number of coastwise vessels now carry a sub- 
marine receiving set. This consists of two tanks filled with 
brine located in a lower forward hold of the vessel. Trans- 
mitters similar to telephone transmitters connect with double 
receivers located in the pilot-house—one receiver connecting 
to the port tank and the other to the starboard. The sub- 
marine bells located on the lightships or buoys along the coast > 
may be heard through the water by this means and the direc- 
tion in case of fog or thick weather detected by noting the 
equality or inequality of the strength of the signal on each 
tank. The vessel may also swing around to enable a bearing 
to be sufficiently assured so that danger may be averted. The 
device has been reported as operating satisfactorily and this 
is attested to by the increase in the number of vessels so equipped. 

Although wireless equipments are required by law on pas- 
senger vessels many freight vessels carry such equipment. The 
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advances in this field are exceedingly rapid and therefore no 
set, as described, could be looked upon as a standard, but it 
would seem desirable to give some idea of this apparatus. A 
typical installation for freight vessels consists of the following 
parts: A motor generator supplied with energy from the 110 
volt direct current system. The motor and generator arma- 
tures are on the same shaft. The a-c. generator has a speed 
of 2400 rev. per min.; it has 12 poles and it generates a voltage 
of 500 at 240 cycles. The synchronous gap, which is a disk 
of composition insulation and carries a stud for each pole of 
the generator, is mounted on the generator end of the shaft. 
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Two stationary studs are secured on the disk muffling box 
and the spark discharge takes place between them. When 
these studs are adjusted to synchronism, the spark discharge 
occurs only when the a-c. voltage reaches its peak of alterna- 
tion, thus allowing only one spark discharge for each alterna- 
tion or 480 sparks per second. In this manner a pure musical 
note is produced, slightly lower in tone than the E string of 
the violin. The transformer steps up the 500 alternating volts 
to 12,000 and charges the condenser. This condenser is made 
of high quality glass plates coated with copper or tinfoil and 
immersed in oil (flash point 300). It is used in series parallel 
banks and forces the energy received into the rotary gap and 
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oscillation transformer. The primary of the oscillation trans- 
former is connected in series with the gap and condenser. The 
primary coil carries a movable contact and by varying this 
contact on the turns of the coil, the wave length may be ad- 
justed. The energy is transferred from the primary coil of the 
oscillation transformer to the secondary coil (which is several 
inches from the primary coil) by magnetic induction. The 
secondary coil of the oscillation transformer is connected to 
the aerial in the following manner: One terminal goes to the 
earth, the other through inductance coil for lengthening aerial 
period or wave, and condenser in series for shortening wave. 
The spark gap, oscillation transformer primary, and primary 
condenser, make up the ‘‘ closed circuit ’’ or ‘‘ oscillating cir- 
cuit.” The oscillation transformer secondary, the aerial in- 
ductance and condenser, the aerial and earth, form the “ open 
circuit’? or “radiating circuit.” The ‘‘ closed circuit ’’ wave 
and the ‘‘ open circuit ’’ wave must be in resonance before the 
“onen circuit ’’ willl radiate energy on the aerial. A hot wire 
ammeter will show a maximum reading when the two circuits 
are balanced. The aerial consists of seven ‘strands of No. 18 
silicon bronze hard-drawn wire used to prevent sagging or stretch- 
ing. Wires are spaced on a 25-foot spruce spreader and insulated 
from spreader and ropes by four feet of hard rubber rods. 
The receiver consists of the tuner for tuning to resonance all 
incoming waves by variable inductances and capacities. In 
this manner waves of different lengths and frequency may be 
selected. The detector is of the carborundum crystal type 
mounted on the tuner and rectifies the signals to be heard on 
the diaphragm of the head telephone. These telephone re- 
ceivers are extremely sensitive, having a resistance of 3000 
ohms. This set establishes reliable communication under favor- 
able conditions at a distance: of 3000 to 4000 miles. 


NavaL PRACTISE 


The requirements of the navy constitute naval practise and 
it remains for those who undertake such work to excel in its 
performance and to suggest ways and means for its betterment. 
Specifications and drawings, known as type plans, are issued 
covering all the apparatus, appliances, and materials entering 
into the equipment. Each bureau of the Navy Department 
compiles the requirements for the work under its cognizance 
and in this manner provides for its inspection both at the works 
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of the manufacturer and at the plant of the contractor. The 
Bureau of Steam Engineering, the Bureau of Construction and 
Repair, the Bureau of Ordnance and the Bureau of Naviga- 
tion are the bureaus most nearly touching the electrical installa- 
tion, the Bureau of Steam Engineering and the Bureau of Con- 
struction and Repair performing the most essential parts of 
the work. The generation of electricity, its control, distribution, 
installation and maintenance fall under the administration of 
the Bureau of Steam Engineering, and the provision of the 
motors and their control for the various deck and other ma- 
chinery come under the direction of the Bureau of Construction 
and Repair. The turret motors and questions connected with 
gun fire are under the jurisdiction of the Bureau of Ordnance, 
and special equipments connected with the operation of the 
vessel when under way, such as gyroscopic compass, are taken 
care of by the Bureau of Navigation. All type plans issued by 
the bureaus, whether of apparatus, etc., or for the construction 
work, are simply guides or schedules from which elaborated 
drawings must be made embodying correct designs and full de- 
tails. These drawings must be forwarded to the bureau, or 
bureaus, involved and receive formal approval before work may 
proceed. In the case of apparatus newly designed drawings 
must be submitted to the bureau concerned for its approval 
as“a type after which approval must be again obtained for its 
specific application. After an installation or apparatus is 
completely finished, inspected, and received, a complete set 
of drawings of the final details must be prepared and turned 
over to the Government. Due to this procedure the materials 
entering into the construction of naval apparatus are in every 
way of a higher grade than those employed in merchant service. 

The use of iron conduit and open wiring supported on insulators 
has now given place to armored conductors. There are condi- 
tions which require different types of wire so that the specifica- 
tions permit of three general types, namely, plain conductors, 
- armored, and lead-covered armored. The practise at the present 
time is to use lead-covered armored cables for all permanent leads 
throughout all spaces in the vessel. The best quality of rubber, 
linen, jute, lead, copper and steel is required. Cables are 
clipped rigidly to the structural parts of the vessel by strap 
hangers, and when a group of leads occurs or the structure is 
such as not to permit a compliance with the above, a five-pound 
steel plate is first fitted and the armored wires attached to this 
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plate. These cables are sufficiently flexible to allow of close 
fitting or ‘‘ nesting ’’ and thereby much space is conserved and 
a better appearing installation results. In addition to these 
advantages is the reduction of upkeep over conduit due to a 
decrease in the deterioration of the insulation by its protection 
from condensed moisture. Stuffing tubes as in merchant 
practise but of special design are required when passing through 
decks or watertight bulkheads. Through non-water-tight bulk- 
heads they are led through holes with the edges rounded off. 
Mechanical protection is also provided near the walking spaces 
at decks and at other particular locations where the cables would 
be unduly subjected to abuse, or would themselves subject 
the contents of the compartment to danger. In the vicinity 
of themagnetic compasses the steel braid is removed. For the con 
venience of testing and designation, the cables are all carefully 
and accurately tagged in accordance with approved plans. No 
splices are permitted and mechanical joints are all made in 
specially designed watertight brass boxes. All feeders for every 
purpose must be continuous throughout their length, except in 
especially long leads of the larger size cables, when proper 
mechanical connections are allowed in order to facilitate in- 
stallation and avert damage to the cables bythe severity of 
the necessary handling. 

The distribution of energy is on the two-wire system. The 
lighting, and small power feeders are run from the main switch- 
board to centers of distribution and mains led from thence to 
the terminal apparatus. Mains may also be taken directly from 
the feeders to meet the conditions of structural obstructions. 
Distribution boxes of brass are provided of varying types some 
containing knife switches and fuses, others with fuses only, others 
with fuses and snap switches. These also vary in mechanical 
construction, some being water-tightand ot hers non-water-tight, 
to suit the location. Twin conductors up to 60,000 cir. mils 
are permitted, and branch leads for lighting must not be less 
than 4000 cir. mils. The permissible drop on the lighting system 
from the main switchboard to the farthest outlet is 24 per cent 
and for power 5 per cent. The carrying capacity of all conduc- 
tors is based on one thousand circular mils per ampere for con- 
tinuous loads and five hundred circular mils for intermittent 
loads. The permissible drop on the signaling systems is 23 per 
cent when lamp instruments are used and not over 5 per cent on 
circuits containing bells, buzzers, push-buttons, contact-makers, 
etc. 
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Generators for naval service are generally direct-driven by 
steam turbines, mounted on acommonbed-plate. The turbines 
are of the horizontal type and designed for both condensing and 
non-condensing.operation. They must be capable of operating 
the generator indefinitely at one-third overload. They are 
required to operate automatically with load varying from zero 
to 13 load. They must function with the most economical 
water rate possible when supplied with dry saturated steam at 
200 pounds pressure and 25 inches vacuum. Forced lubrication 
is specified for all sizes, and the largest sets have their bearings 
water-cooled. Gages for observing the vacuum in the exhaust, 
main steam pressure, oil pressures, etc., and indicators for in- 
specting the flow of oil and cooling water to bearings, tachometers, 
thermometers, pilot lights, etc., etc., are all provided. The 
generators are direct-current compound-wound, and in the larger 
sizes supplied with commutating poles. The frame is cir- 
cular in form and in the largest sizes split horizontally. 
These are the essential differences from regular practise with 
the exception that exhaustive tests are made in order to 
secure compliance with the specifications. At the present 
time the navy requires its generators on battleships wound 
for 240 volts but for smaller craft retain a potential of 125 
volts. In order to obtain increase in economy, reduction 
gears with high-speed turbines are now being installed and 
have received formal sanction. Sets of this design have reached 
the first stage; namely, shop tests. The change in voltage to 
240 on the larger vessels has brought about the necessity for 
a neutral bus to supply the lighting and searchlight systems. 
This may be accomplished either by a three-wire generator wound 
for operation with a compensator; or an auxiliary independent 
rotary balancer set. Both methods have now been introduced 
but service operation has not yet been fulfilled. 

Until recently the switchboard panels were made of carefully 
selected slate. Now the requirements call for a special composi- 
tion material having a high insulation resistance and unaffected 
by steam, ‘or moisture, or shrinkage, when subjected to differences 
in temperature or hygroscopic changes and capable of a cer- 
tain deflection without breaking. All the instruments 
mounted on the switchboard are specified in detail and only 
approved instruments and fittings are permitted. Enclosed 
fuses are approved if they conform to the general requirements 
of the national electric code. Renewable enclosed fuses are 
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allowed under the requirement of a special specification for 
fuses. Detail requirements are issued for all busbar construc- 
tion, fittings, bolts, etc., all of which must be suitable to with- 
stand the severe atmospheric conditions of shipboard service. 

For the larger vessels the government furnishes 36-inch distant 
control-searchlights and 12-inch signal searchlights. The larger 
projectors are arranged so that some of them may be placed on 
trucks and transported about the decks. On the smaller 
vessels, 30-inch and 24-inch searchlights, with mechanical 
distant control, are installed. All lamp mechanisms are of the 
motor type and both venetian blind and iris shutters are pro- 
vided. The plain glass front frame is supported on springs 
so as to take up the shock of gun fire. A finder similar to that 
used on a camera is fitted so that it will show on a ground glass 
screen the arc, and by means of cross hairs enable the arc to be 
placed in the proper focal position and the carbons correctly 
adjusted. 

Lighting fixtures and appliances are all made of brass composi- 
tion and are heavier in every sense than the merchant marine 
type. However, the navy has now discarded the spring type of 
socket and adopted that used in commercial practise, with the 
difference-that a special insulation material is provided for the 
base instead of porcelain. The fixtures installed in quarters and 
general living spaces are designed with a special shade holder, 
similar to that used in railway cars, whereby the shade is held 
in place by a spring and not dependent upon screws. Guards 
are required on steam-tight fixtures in open spaces where subject 
to mechanical injuries. Prismatic glass globes are fitted in all 
steam-tight fixtures and special shades are employed to direct 
and diffuse the light. Tungsten incandescent lamps are in 
general use but locations greatly affected by vibrations are lighted 
with carbon filament lamps. The high-wattage tungsten lamp 
has now superseded both the carbon and mercury are lamps 
for the illumination of large spaces. 

Motors are designed under a special specification which enters 
into minute details so that the best service under sea conditions 
may be obtained. They are wound for either 120 volts on smal- 
ler vessels or 230 volts on the larger. In sizes of five h.p. or 
over they are multipolar, preference being given to comutating 
pole type. Various types of motors differing in mechanical 
construction as well as electrical characteristics, depending upon 
the location and the service, are required. For spaces and condi- 
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tions where water or moisture cannot damage the apparatus open 
or semi-enclosed motors are permitted; on the other hand, where 
exposed to the weather or moisture they are totally enclosed and 
of water-tight design. Enclosed ventilated motors are approved 
for specific conditions. Non-corrosive parts and interchange- 
ability are of great importance. Much attention is given to the 
testing of such apparatus and specific instructions are given 
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‘covering the adjustment, heating, balance, dielectric strength, 
efficiency, weight, etc: The tests are usually made at the works 
of the manufacturer and no shipments can be made until ‘the 
apparatus meets the full requirements of the. specification. 
Three types of control are now required in order to cover the 
various power equipments; namely, panel type controllers, 
drum-type controllers, contactor type controllers. These are 
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mounted in water-tight enclosing cases where conditions demand, 
in the same manner as for motors. Contactor panels usually 
being of large size are located below decks where they can be 
mounted like switchboards. They are operated automatically 
by a master controller which would be of the water-tight pattern 
if located on the weather deck. To insure against unauthorized 
handling these contactor panels are usually protected by an 
expanded metal enclosure. Spare parts must be supplied with 
all motor and control equipments. These parts are based upon 
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the number and type of apparatus used; they are subjected to a 
test similar to that for the motor, and are carefully packed in 
special boxes and marked for identification. 

The signaling systems are installed under the same rules as 
regards cables, methods of distribution, methods of securing the 
cables, etc., as already described. Energy for these systems is 
taken from the lighting busbars and transformed by means of 
small motor-generators, or dynamotors, to a low potential (20 
volts d-c.). A special cable is designed for the general systems, 
and one composed of like materials but with the wires twisted 
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and paired, for the telephone system. As the instruments for 
this application are usually more delicate than the other appa- 
ratus it is more essential that care be exercised in their manufac- 
ture, and the points brought out previously must be even more 
precisely looked after. The d-c. motor-operated instruments 
have superseded the lamp instruments almost entirely, and they 
seem to be providing very satisfactory service. Communication 
systems play an important part in the navigating of the vessel, 
in the transmission of general orders, and in the signals for gun 
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firing. These systems are very expensive and command as much 
attention and special designing as the power system. 


INSTALLATIONS ON VARIOUS TYPES OF VESSELS 


The general requirements of both merchant and naval prac- 
tise having been described, a brief outline of the electrical equip- 
ment on a few typical vessels will be given. It is to be under- 
stood that such installations are so flexible that many things are 
done for no better reason than that of individual preference; 
but these descriptions will endeavor to show the present extent 
of the application and the trend of development. 
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LAUNCHES AND YACHTS 


Certain manufacturers design and build complete outfits in- 
cluding generator, switchboards, and storage batteries, especially 
for this service. For the amateur yachtsman who delights in the 
experience of experimentation these outfits may do well. The 
generator is usually operated by a friction pulley on the flywheel 
of the propelling engine and the storage battery is used for steady- 
ing the voltage and supplying energy when the main machine is 
_not in operation. A better equipment is found in the larger 
steam yachts and for steam launches for large vessels. Such 
craft are fitted with a one-kw. direct-connected steam turbine 
generating set, preferably of 110 volts. Standard lamps and 
standard searchlights may then be*installed. No attempt is 
made for any expensive distributing systems but a special fused 
circuit is provided for the signal lights. The fixtures are usually 
selected by the owner and the style and type corresponds to the 
decorations. All the fixtures of a house installation are followed 
and the applications merely depend upon the luxury desired. 


TUGBOATS, FIREBOATS, ETC. 


Sea-going tugs usually carry two generating sets of 10 kw., 
110 volts, one 18-inch searchlight, the usual signal lanterns, in- 
cluding towing lights, and approximately 120 incandescent lights. 
Government tugs in addition to this are supplied with a sub- 
marine signal receiver set, a night signal set, a call-bell system, 
and wireless telegraph outfit. 

Mine-planters and lighthouse tenders for the government have 
a generating plant arranged to carry the day and night load 
instead of the customary duplicate generating set. One turbo- 
generating set has a capacity of 7 kw. and the other 20 kw. 
Besides this they are supplied with a submarine receiving set and 
frequently with a wireless outfit. The installation and installa- 
tion material must conform to naval practise. Approximately 
120 to 150 lights are installed. 


DREDGES 


The ordinary merchant type dredge has an installation of ap- 
proximately 150 lights, carries one or two searchlights, depending 
upon the length of the vessel, and uses the high-wattage tungsten 
lamp in lieu of the arc lamp. The generating plant consists of a 
total of 20 kw. usually comprising two 10-kw. marine recipro- 
cating engine-driven generating sets. Special searchlightss, imi- 
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lar to those used in the Suez Canal, are available for this type of 
vessel. A diverging lens is placed on the searchlight barrel and 
the rays are thrown to each bank of the stream and leave a dark 
space ahead. This permits of up and down traffic without inter- 
fering with the regular signal lights. There is a growing tend- 
ency toward the use of electric power for the main purposes of 
dredging, and experimental plants are now in service in the 
western part of this country. ° There would seem to be no im- 
portant reason why such an application should not be entirely 
satisfactory and economical. 


FERRYBOATS 


The general practise today in lighting ferryboats is to outline 
the cabins with 25- or 40-watt tungsten lamps. These circuits 
are arranged so that in cases of emergency every other light may 
be in operation and total darkness avoided. Two generating 
sets, one of small capacity for the daylight load and one of large 
capacity for the night load, are furnished and the circuits as 
above described are designed so that it will not be possible to 
overload the smaller generating set. The average ferryboat 
is lighted by approximately 225 incandescent lamps. An in- 
teresting mechanical signal is connected to the disengaging gear 
of the steering engine and automatically warns the engineer at 
which end of the boat the steering gear is working. The signal 
lights are also so wired that when the pilot unlocks his steering 
wheel the correct lights for that direction go on and the other set 
of lights go off. 

EXCURSION STEAMERS 

For river and lake traffic two types of vessels are designed— 
those that make night trips and those that make short day-light 
pleasure trips. The day boats are usually equipped with a 
duplicate dynamo installation. They are lighted by approxi- 
mately 300 to 400 lights and carry one 18-inch searchlight. As 
these vessels are light in construction, of shallow draft and do not 
encounter severe storms it is possible to adopt modern methods 
of illumination and so it will be found that indirect and semi- 
direct fixtures are installed with ample reason because of the 
higher deck spaces and the artistic effects of the decorations. 

The larger Sound and Lake steamers are floating palaces and 
require the best of the decorator’s art to satisfy the owner’s 
desires. Much space in the superstructure is devoted to general 
rooms and these, often occupying three decks, are sumptuously 
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furnished. All the artifices of the lighting expert are requisi- 
tioned; and concealed incandescent lamps back of the light wells, 
lights in glass columns, lights for the paintings, garlands of 
small lights, newel post lights, semi-direct and indirect light-* 
ing units—all these and many more go to make up the appearance 
of luxury which is required. Such vessels are equipped with 
plants ranging from 100 to 200 kw. One of the interesting 
installations which differ from other vessels is the fire alarm 
system which becomes of great importance due to the liability 
to fire and the large number of lives involved. As an illustration 
of the care observed in such matters, the installation of the fire 
alarm system on the Sound steamer Commonwealth may be 
considered typical. The system was the open circuit type. 
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WIRING DIAGRAM—THERMOSTAT SYSTEM 


Mercurial thermostats of navy pattern were installed. A 
testing receptacle is located at the end of every line and tests are 
made every day after the passengers have left the vessel. The 
collision and general alarm gongs located throughout the vessel 
are also operated by this system, as well as by the regular switch 
installed in the pilot house. The system is energized by both 
the regular interior communication dynamotor and also by 
batteries which are thrown in automatically if for any reason the 
dynamotor is not running. The bells throughout were of the 
short-circuit type in order'to eliminate the possibility of an open 
circuit in the bell. The annunciator in the engine room was 
located at the valves for the sprinkler system so that response by 
water could be immediately given. The saloon deck annuncia- 
tor was a duplicate of the engine room instrument and the eight 
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local annunciators had the circuits subdivided in order to facil- 
itate testing and upkeep. 


FREIGHT VESSELS, COLLIERS AND OIL TANKERS 


Freight vessels of 5000 tons dead weight carrying capacity are 
usually equipped with 10-kw. marine reciprocating-engine gener- 
ating sets in duplicate. Approximately 150 fixtures, a few port- 
able hand lamps, cargo reflectors and one 18-inch searchlight 
which is mounted on the top of the pilot-house and controlled 
from the inside, are furnished. With the exception in a few 
cases of a small inter-communicating telephone system, the 
signaling systems installed are only those required by law. 

The equipment of oil tank vessels differs only slightly from 
that of regular freighters and colliers. The generating sets are 
usually a little larger, about 15 kw., and a few more lights are 
required, depending largely on the arrangements of the vessel. 
The location of the main propelling machinery, whether it is in 
the extreme after part of the vessel or amidships, naturally 
affects the extent of the electric plant. The owners of such 
vessels often take great precautions and insist on special designs 
of fixtures and fittings. In some cases great care is exercised in 
the permanent fixtures located in the pump rooms, these embody- 
ing a special sealed globe so as to prevent the entrance of oil 
fumes, and in other cases the owner prefers the use of navy 
standard fixtures in this particular compartment. Some owners 
require these special fixtures to be furnished throughout the 
vessel except in living spaces, and other owners use the regular 
commercial fixture except in the pump room. Up to the present 
time electric power has not been extensively employed for the 
operation of the important auxiliaries, but itis not believed that 
direct-current motors would be as safe or as ready of service as 
alternating current. 


COASTWISE PASSENGER AND FREIGHT VESSELS 


Such vessels are more elaborate and so the electrical equi- 
ment becomes larger and assumes greater importance. These 
ships carry electricians so that the questions of reliability and 
readiness of service do not enter to such an extent as on smaller 
and less important vessels. The sefVice that the owners wish 
to give and the demands of the public who travel in these coast- 
wise vessels determine many of the applications of electricity. 
So it will be found that some of our coastwise vessels, especially 
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on the Pacific coast, have a complete electric air heating system 
because the evenings on the west coast are sometimes chilly 
and it would not pay the owners to install a steam system for so 
infrequent a service. On the Atlantic coast the winters are 
severe enough to require steam heating. As an illustration of 
the type of electrical installation on coastwise vessels, the equip- 
ment of the 5. S. Great Northern and the S. S. Northern Pacific, 
vessels recently completed for the Great Northern Pacific Steam- 
ship Company, will be described. 

The generating plant consists of four 35-kw., 110-volt, direct- 
current, commutating-pole, compound-wound generators direct- 
connected to 3200-rev. per min. water-cooled bearing turbines, 
supplied normally with steam at 200 pounds and a vacuum of 
28 inches, and designed to carry fill load at 175 pounds steam 
pressure and 10 pounds back pressure. Each generating set is 
connected to the main distribution board through an automatic 
circuit. 

From the main switchboard are led 24 feeder circuits supplying 
lighting, searchlights, hull ventilation, supply and exhaust fans, 
cargo elevators, galley and pantry motors, as well as a shore 
feeder of sufficient capacity to light the entire vessel from a 
shore plant, or light the dock from the ship’s generator. The wir- 
ing is on the two-wire system, and the material used represents 
the very latest marine construction. The highest grade rubber- 
covered wire is used, over which is supplied a lead sheathing, 
this being protected by a basket weave galvanized steel wire - 
armor. ‘This wire is secured directly to the structure of the ves- 
sel eliminating customary conduits and moulding and the col- 
lection of moisture in them—the cause of numerous troubles, 
experienced with conduit installations. Water-tight junction 
and feeder boxes and fixtures are used throughout except in 
living quarters, and the wire entering these appliances is made 
water-tight by hemp packing in suitable stuffing tubes. Mazda 
lamps are used throughout the vessel, of which there are 1700. 
The lighting circuits are divided into four classes—general il- 
lumination used as required, stateroom lighting always at the 
disposal of the passengers, police lights which are never extin- 
guished, and the individual cargo lighting throughout the cargo 
spaces controlled by sep#rate circuits so that the lights may 
be extinguished when the cargo spaces are filled in conformity 
to the insurance requirements. Every passenger compartment 
is supplied by duplicate feeders so that in the event of a failure 
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of one feeder no compartment is in darkness. The lighting 
fixtures are unusual in several features. Majolica fixtures deco- 
rated in gold are used in the staterooms and stateroom passage- 
ways. This is the first use of such fixtures in this country. 
Each stateroom is provided with a receptacle of the same con- 
struction for reading lamps, fans, curling irons, or warming pans. 
Steam and water-tight fixtures are used in exposed locations, 
machinery and cargo spaces. The reflected lighting for the 
oil paitings in the saloon, lobby, writing room, and “A” deck 
entrance, as well as the massive semi-indirect lighting fixtures 
used exclusively in the dining room, are departures in marine 
work. All metal parts in the stateroom are of monel metal to 
eliminate plating and prevent discoloration. Cameo and cut 
glass bowls of various designs for lighting fixtures have been 
used quite extensively throughout the vessel. 

The ventilation and heating of the vessel is most complete. 
Fourteen ventilation and heating units supply all staterooms and 
public spaces. These consist of conical flow fans,used for the 
first time in marine work, which on test develop an efficiency of 
56 percent. These fans are direct-connected to enclosed adjust- 
able-speed motors and discharge the air through coil heaters. All 
these units are supplied with a by-pass for use when the unit 
is not required. These units range in size from 1500 to 3000 
cubic feet of air per minute at 11 pounds per square foot pressure, 
and are designed to supply the full quantity of air when discharged 
through the heater. Six fans of the same type without heat- 
ers are used to exhaust the air from lavatories, toilets, galley, pan- 
try and smoking rooms, and, when run at maximum speed, 
will change the air in these compartments every minute. Elec- 
tric motors are used quite extensively in the galley and pantry 
where the following apparatus is located: One one-barrel dough 
mixing machine operated by a two-h.p. motor, one 40-pound 
vegetable paring machine operated by a 4-h.p. motor, two 
one-tank dishwashing machines operated each by a }-h.p. 
motor, one meat and food chopping machine operated by a 
one-h.p. motor and capable of chopping 144 pounds of food per 
hour, one 2800-watt, three-heat hotel griddle used for toasting 
bread, frying eggs, bacon and chops. The large cold storage 
compartment which extends the width of the vessel, as well as - 
each of the cargo holds, is provided with a three-ton hoister 
operated at a speed of 100 feet per minute and driven by a 
40-h.p. motor equipped with automatic starting and limit 
switches. 
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The call-bell push-buttons in all the staterooms have been 
utilized as a part of the fire alarm system by the installation of 
a thermostat button which expands when subjected to a 
temperature of 160 deg. fahr. This will announce on the call- 
bell annunciator an excess of temperature in the particular 
location even if the room is not occupied. The main fire alarm 
system consists of a small pipe of minute internal diameter 
which is carried throughout the living spaces of the ship. An 
indicator board representing small plans of the different decks 
is mounted in the pilot-house and small battery lamps give the 
location of the fire upon the sounding of the alarm. This system 
is based on the expansion of air due to increase in temperature. 
The latest improved loud-speaking telephones are used for com- 
munication between locations exposed to weather conditions 
and machinery noises. A commercial standard type of telephone 
is used for communication between other locations. A motor- 
driven type of electric whistle operator is installed with switches 
located in a number of places both for blowing the whistle at 
will and also for blowing the whistle automatically during foggy 
weather. The vessel is equipped with the usual mechanical 
engine and docking and steering telegraphs of the latest and 
largest pattern. 

A powerful 18-inch searchlight is mounted on each end of 
the forward bridge in such a position that they can sweep the 
entire length of the vessel. 

This vessel carries two wireless outfits, both of the navy type, 
one of two-kw. capacity and the other of 3-kw. The latter was 
for emergency purposes and could be operated from the battery. 
Every precaution was taken in mounting the apparatus, which 
was extremely compact, so that if the ship were sinking the 
wireless telegraph station would be in service until the water 
reached the radio room. The motor-generator for the largest 
set was supplied energy from the ship’s 110-volt system but 
could also be energized from battery. The batteries were auto- 
matically charged and the machinery.in general so controlled. 
All the apparatus was protected from induced high potentials 
by means of condensers and protective resistors. The trans- 
mitter was the quench-gap (noiseless) type, 500 cycles. A 
blower was used to cool the surface of the quench-gap plates. 
The transformer stepped the 220 volts of the generator to approxi- 
mately 12,000 volts. The oscillation transformer was constructed 
of copper ribbons edgewise wound, spirally mounted on hard rub- 
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ber disks. The aerial inductance for lengthening the wave of the 
open circuit is likewise constructed. A condenser of four plates 
in series serves to shorten the wave. A protective reactance 
is connected across the sending key. The receiver detector is 
of the carborundum crystal type, and sensitive head telephone 
sets are used. The aerial is of the two-wire “T” type with 
14 feet spread between wires. The main set has given remark- 
able service. Communication at night was uninterrupted from 
the time the vessel left Philadelphia until it arrived at Santiago. 
The Great Northern on a trip from San Francisco to Honolulu 
retained communication by night from the time of her departure 
from San Francisco until her return. The power of the large 
set may be varied from 100 watts to 3000 watts and while the 
set was being tested at her builder’s yards in Philadelphia, Cleve- 
land, Ohio, was called at 6:30 p.m., using 600 watts, and an- 
swered immediately. Boston was communicated with about a 
half-hour later, using 250 watts. 


- 


SUBMARINE Boats 


The energy for the lighting and power system is supplied from 
the main storage batteries. The lighting supply contains a 
dimmer by means of which the 110 volts may be maintained 
reasonably constant. Approximately 40 to 60 steam-tight 
guarded fixtures are installed. The auxiliary motors, such as 
for verttilation, pumps, air-compressors, etc., are of standard 
design wound for 120 volts. The main propelling motors are 
wound for 120 to 240 volts. These operate as generators when 
the vessel is on the surface for charging the storage batteries. 
There are three separate switchboards, one for the main battery, 
another for the lighting and power systems, and a third for the 
interior signaling systems. These latter consist of telephones, 
call-bells, engine telegraphs, torpedo tube indicators, marker 
buoy, submarine signals, gyro-compass, and wireless telegraph. 
Remote control systems are much employed, especially for such 
systems as the diving apparatus, steering gear, and the elevating 
gear for the periscope. 


TORPEDO-BoAT DESTROYERS 


The growth of the generator plant for torpedo-boat destroyers 
has been very marked in the last few years and two 25-kw. 
125-volt turbo-driven sets are now installed. Approximately 
200 incandescent lights, two 30-inch searchlights, a night 
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signal set, electric fans, hull ventilation, and a system of interior 
communication comprise the equipment. This latter system 
consists of call-bells, general alarm gongs, smoke indicators, 
shaft revolution indicators, torpedo firing, and wireless telegraph. 
These instruments are exactly similar to those used on battle- 
ships, the size of torpedo-boat destroyers now being such that 
no modifications are necessary in order to adapt the standard 
instruments. 
FLEET AUXILIARY VESSELS 


The navy has many vessels such as transports, supply ships, 
colliers, submarine tenders, torpedo-destroyer tenders, etc., 
all of which serve some necessary purpose in attending the fleet. 
Though these vessels naturally diffet in their arrangement, size, 
etc., still they all more or less carry about the same electrical 
equipment. This equipment usually consists of a turbo 
generating plant of approximately 300 kw., 125 volts, necessary 
switchboard, four 30-inch mechanically controlled searchlights, 
about 700 to 800 incandescent lights, two night signaling sets, 
electric fans, hull ventilation, and a system of interior communi- 
cation. The signaling system comprises call-bells, fire alarms, 
general alarm gongs, boat hour gongs, telephones, shaft revolu- 
tion indicators, helm angle indicators, electric whistle operator, 
fuel oil indicator, submarine signals, and wireless telegraphs. 

It is interesting to note in this connection that the fleet collier 
Jupiter is equipped with electric motors for the purpose 6f pro- 
pulsion and that this vessel is the first sea-going vessel so pro- 
pelled. The Jupiter’s installation has been fully described both 
when designed and after she performed her trials. She has now 
been in regular service about two years and has shown very 
successful performance. This installation was an experimental 
one and was purposely made for comparison with reciprocating- 
engine drive and geared-turbine drive, the same type of vessel 
being maintained in each case. The Jupiter has shown herself 
very much superior to the reciprocating engine-driven ship and 
comparisons cannot be made with the geared turbine-driven 
ship as data from this vessel have not yet been made available, 


BATTLESHIPS 
The electric plant consists of four 300-kw. turbine-driven, 
direct-connected generating sets of 240 volts, direct current. 
Two sets are located forward and two aft. These sets are either 
three-wire machines or two-wire; in the latter case rotary balancer 
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sets are required so as to provide 120 volts for the lighting and 
searchlight systems. There are two main switchboards installed 
fore and aft in special compartments. These switchboards 
control the generators and distribute the energy for power and 
lighting. A common negative bus and a separate positive 
lighting and power bus enable a separation between these two 
systems. The two distribution boards are interconnected so 
that energy may be supplied to either board from the other. 
The generators in each room are operated in parallel but the 
two rooms are so arranged that multiple operation is not possible. 
Auxiliary switchboards are furnished for the further distribution 
of energy and form the centers of distribution for the feeding 
system. Eight 36-inch searchlights and two portable 12-inch 
single projectors are furnished. 

The lighting system consists of 3000 regular standard fixtures, 
and an auxiliary lighting system is provided for the more im- 
portant working spaces of the vessel; this system is supplied by 
batteries. Each turret has an independent auxiliary battery 
lighting system. There are installed 135 electric bracket fans, 
an electric heating system, a complete interior communication 
system, and a complete system of power-driven deck auxiliaries. 

The power system comprises electric-driven hull-ventilation 
fans and heating coils, turret turning, turret ammunition hand- 
ling, turret gun ramming, turret gun elevating, boat cranes, 
deck winches, capstan, five-inch ammunition hoist, ammunition 
conveyers, sanitary, fresh water, main drainage and secondary 
drainage pumps, air-compressors, anchor windlass, steering 
gear, independent laundry equipment, independent workshop 
machinery, main turbine turning equipment, independent com- 
missary appliances, such as dough mixers, ice cream freezers, 
meat choppers, potato peelers, dish washers, etc., and the energy 
supplied to bake ovens. Of these equipments the largest is 
the steering gear, and two systems—the contactor control and 
the motor-generator control—are now in the trial stage. This 
system requires a motor rated at 350 h.p. and capable of working 
under a hundred per cent overload for a few minutes. The 
steering gear application has recently been described and as 
no trials of the apparatus now installed have been held nothing 
can be added to this subject at this time. Next to the steering 
gear equipment in size, is the anchor windlass, requiring two 
motors of 175 rated h.p. and the same overload capacity as the 
steering gear motor. 
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The interior communication system comprises the following: 
call-bells, telephones, fire alarm, general alarm gongs, boat hour 
gongs, shaft revolution indicator, steering telegraph, steering 
emergency signal, gyroscopic compass, engine revolution tele- 
graph, fire room telegraph, engine order telegraph, loud- 
speaking telephones, rudder indicator, gun firing systems, warn- 
ing systems for closing water-tight doors, air-lock indicators 
for indicating when air-lock doors are open, water-tight door 


Ta 


ii 


MASTER GyROscorPic Compass 


signals, submarine signal, electric whistle operator, drainage 
tank indicator, and wireless telegraph. One of the most interest- 
ing developments among these many systems is that of the gyro- 
scopic compass. This apparatus has been recently described and 
its application has been greatly extended in various ways. 

It is to be noted that the experiment with electric propulsion 
on the Jupiter has been so satisfactory that our government 
has authorized its installation on the U. S. S. California, one of 
the latest battleships now building at the New York Navy 
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Yard. The design of the motors will differ slightly from those 
of the Jupiter but the general applications will be the same. 
A total of 37,000 h.p. will be provided, and each of the four 
shafts will be operated by an induction motor receiving energy 
from two steam turbine-driven alternators wound for approxi- 
mately 2500 volts three-phase. The advantages to be gained 
in this electric coupling, instead of the mechanical reduction 
gear, are very obvious in the case of a battleship, as it is neces- 
sary at certain times to drive the vesigl at high speed but it 
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is just as necessary to drive it under normal conditions at low 
speed; for this large variation in horse power the electric equip- 
ment is more flexible and more economical, permitting of like 
water consumption at low, intermediate, and high speeds. 
The motors are provided with two windings, using the low- 
speed winding at ship’s speeds lower than 15 knots and the 
high-speed winding at higher speeds. One generator will sup- 
ply all four motors for infermediate speeds and each generator 
will supply two motors for full power. 
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CONCLUSION 

Merchant marine applications have not shown a like increase 
to naval applications because of the lack of a merchant over- 
seas trade. Transatlantic and transpacific vessels of the 
foreign type have not been constructed in this country since 
1902, at which time a vessel of 12,000 tons and 620 feet long 
was considered a large vessel; these cannot be compared with the 
present-day vessels of over 900 feet in length and over 30,000 
tons displacement. _ T, naval applications have advanced 
because our naval strength depends upon the efficiency of the 
vessel and her equipment. It is to be expected that, when our 
country develops a merchant marine, many of the advances 
made in naval practise will be found advantageous to mer- 
chant vessels. 

It is interesting to note that the cost of the electric propel- 
ling apparatus for the U. S. battleship California, inclusive of 
electric engine room auxiliaries, was approximately eleven 
dollars and sixty-five cents per shaft horse power —less than 
half the cost of the electric plant. 
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Discuss1on ON ‘STANDARD Marine ELectricaL INSTALLA- 
” 
TIONS ’’ (HORNOR), SAN Francisco, Cat., SEPT. 16, 1915. 


S. H. Blake: Historically this paper does not go back to 
the time when the standard navy voltages were based on the 
use of searchlights at 80 volts. This was somewhere in the 
period up to 1904, at which time the navy voltage standard 
was increased to 110-125 volts in order that standard com- 
mercial lamps could be used. Since then 240 volts and higher 
are also employed. 

The grounded or one-wire system has never been encouraged 
in American navy or marine practise. 

The Fire Underwriters’ Code is usually complied with, in 
cases where the percentage of combustible material present is 
such as to warrant special protection against fire. 

Wooden molding has been used almost universally for en- 
closing all conductors on shipboard because it is not affected 
by ordinary changes in temperature, and also because of its 
flexibility, but it is being abandoned in recent years owing to 
the fact that it increases the percentage of combustible material 
on shipboard. Unlined iron conduit has been substituted, and 
“more recently metal armored cable is being used with satis- 
factory results. 

Internal telephones, signals or alarm systems are, I believe, 
still fed by the step-down rotary transformer with primary 
of the standard lighting voltage 110-125 volts, and secondaries 
arranged for about 20-13.3-6.6 volts, depending on the nature 
of the signal devices connected in the secondary or low-voltage 
side of the transformer. 

Generators and motors used for navy and marine service 
have also passed through many stages of development, but owing 
to the growing demand for reliability, under all conditions, 
standard machines are becoming recognized as _ possessing 
the essential qualities required for marine service, and there- 
fore, are for economical reasons used where possible. 

Mr. Hornor has touched on the successful use of electricity 
for ship propulsion. This development will undoubtedly rev- 
olutionize much of the established practise of voltage and other 
features in the application of power on shipboard. 

John H. Finney: I want you to consider the important 
part electricity is playing in modern battleships. When we 
consider a modern type 30,000-ton battleship, and install some 
37,000 horse power, it is a pretty respectable central station 
plant; and it is unique in the variety of voltages employed. 
We find, as Mr. Hornor shows, that it uses alternating current 
at 2300 volts, and direct current at 240, 120, and even at the 
low potential of 20 volts. Such a vessel, controlled in almost 
every function by electrical energy in some form, could not be 
operated without the trained electrical man at almost every point. 
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THE EFFECT OF TRANSIENT VOLTAGES ON 
DIELECTRICS 


BY F. W. PEEK, JR. 


ABSTRACT OF PAPER 


In practise, failures of dielectrics are generally caused by tran- 
sient voltages. It is, therefore, of great practicalimportance to 
determine the various phenomena affecting the strength of di- 
electrics and means of protecting them when they are subjected 
to known transient voltages. An impulse generator from which 
impulse voltages of any given wave front, length of tail, etc., 
can be obtained is described. 

Energy is required to rupture gaseous, liquid and solid dielec- 
trics; this introduces a time element. Thus, on account of this 
time lag, when voltage is applied at a very rapid rate, as by an im- 
pulse, spark-over does not occur when the continuously applied 
breakdown voltage is reached. The voltage ‘‘ over-shoots ”’ 
or rises above this value during the time rupture is taking place. 
This excess, or rise, in voltage above the continuously applied 
breakdown value is greater the greater the rate of application. 
The time depends upon the nature of the dielectric, the dielectric 
field, the shape and spacing of the electrodes, initial ionization, 
Ee 

The strength of air between spheres and needles for impulses of 
different front, length of tail, etc., is given, as well as the time 
in micro-seconds and the voltage required to rupture air between 
spheres and needles on the front of waves rising at various 
rates. ; 

Transient spark-over and corona voltages for wires, surface 
spark-over, insulator spark-over, effects of polarity, air density, 
practical application, etc., are given. 

Transient spark-over voltage and time are recorded for oil, and 
various solid dielectrics. 

The general laws of breakdown of dielectrics by transient volt- 
ages are summarized. 


INTRODUCTION 
NERGY is required to break down gaseous, liquid and 
solid dielectrics. This introduces a time element. As an 
example consider air. For continuously applied a-c., or d-c. 
voltages, rupture occurs when a given gradient is reached. This 
voltage gradient is constant and is termed the strength of air. 


The author wishes to acknowledge indebtedness to Mr. B. L. Stemmons 
for his skilful assistance in making experiments and calculations. 

See Hayden and Steinmetz—Disruptive Strength with Transient Vol- 
tages, TRANS. A. I. E. E., Vol. XXIX, 1910, p. 1125, 
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It may be defined in terms of the electron theory as the gradient 
that is necessary to bring the ions up to sufficient velocity to 
produce other ions by collision with atoms or molecules. Break- 
down takes place when ionic saturation is reached along a given 
path. The time element is not noticeable when the voltage is 
continuously applied. If, however, the time of application is 
very short, or limited, as is the case with transients, a higher 
voltage is required to produce ionic saturation in the limited 
time, than when the voltage is continuously applied. 

The rupturing energy and the time to cause rupture when a 


an 
= 


R 


Fie. 1 


given transient voltage is applied, vary with the dielectric 
material, the dielectric circuit, thickness of material, initial 
ionization, etc. Data on, and the law of the variation of, insu- 
lation strength when subjected to transient voltages are of great 
practical importance, as most insulation failures are due to 
such voltages. 

The following investigation was made to determine the various 
phenomena affecting the strength of dielectrics when subjected 
to transient voltages. In order to make such an investigation 
a generator capable of supplying impulses of given wave front, 
tail, etc., is necessary. 
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MetTHOopD or Propucinc KNown TRANSIENT VOLTAGES 


The Impulse Generator. The impulse generator is shown in 
Fig. 1. Its operation is as follows: Constants of the circuit, C, 
L and R,, are adjusted for the desired impulse, and the sphere gap 
A-set for a given voltage, E. The transformer voltage is then 
gradually increased until the gap A discharges. Fig. 2 is an 
oscillogram of voltage across the gap A, and transformer current 
in the gap. This oscillogram shows that the gap at A breaks 
down at the maximum point of the 60 ~ wave, and that the volt- 
age across A drops to zero. The arc at A holds and short- 
circuits the transformer until the transformer voltage is removed. 
Gap A thus automatically measures the applied low-frequency 
voltage and, in effect, closes the circuit asaswitch. This is the 
novelty of this generator and makes such tests possible. The 
transformer is separated from the impulse circuit by the re- 
sistance w. 

The equivalent circuit is shown in 0 or c,Fig.1. Assoonas the 
arc closes the circuit, the condenser discharges through the arc 
and through the inductance and resistance. The transient con- 
denser discharge current causes a transient voltage across the 
resistance R;. In the generator used in these tests, Ri is a water 
tube resistance. L is made up of single layer coils in air. The 
condensers are made of glass coated with tin-foil. The foil isso 
placed that appreciable corona losses do not occur. 

The discharge current of a condenser through a resistance and 
inductance is! 


R-S R+S 
ee (5 ai rae at (1) 
mt 
The transient voltage across R is 
R= St Rot 
; E ey ie eos 
Segre ae eae 7) (2) 
ny 
where E = voltage across gap A (or condenser at i=0). 


t = time in seconds. 

L = inductance. 
R = resistance of water tube, arc, coils, leads, etc. 
R; = resistance of water tube which is practically 


1. See Steinmetz, Transient Phenomena and Oscillations, or Bedell 
and Crehore, Alternating Cyrrents. 


1860 PEEK: TRANSIENT VOLTAGES [Sept. 16 


the total resistance of the circuit. 


5 2 ie ae (3) 


AS 
| 


1 
ra 
I 
= 
E 
: 


where 


Equations (2) and (8) are not changed as long’as CL and CR 
are constant. They may be re-written, using 


A=CL 
B=CR 


and thus involve only two constants of the circuit. With this 
substitution, (2) becomes 


eé = 


2] ne Veel eee 
Vita |" - ® 


B? 


and (3) becomes 


Via ae, 


(4) and (5) may be used in calculating the impulse voltage, e. 
For any given adjustment of A and B, the maximum of the 
impulse voltage, or the impulse voltage after any given interval 
of time, #, is? 

e= KE i (6) 


2. If K is found by inserting ¢ from (7) in (4) or (5), KE is the maximum 
impulse voltage. 


PLATE CXXIill. 
(6 Us LBs 1s 
VOL. XXXIV, 1915 
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If the constants are such that R? > — the impulse is loga- 
rithmic and non-oscillatory and equation (4) is used. If the 
constants are such that R? < — the transient is oscillatory 


and the trigonometric equation (5) is used. By using (5) in 
such a way that only the first half wave is appreciable an im- 
pulse approaching a single half of a sine wave may be obtained. 
In sucha case it is sufficient that the wave approximately follow 
a sine law from zero up to the maximum, and on the fall- 
ing wave to a point below the 60 ~ breakdown voltage 
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of the insulation tested. Correction may be made for 


R, if necessary by multiplying e by = : w»bne. time .at 
which the maximum of the wave occurs is 

t= ee arc tan ’ (7a) 
for the trigonometric case, and 

p= — log, s+ 8 (7) 


for the logarithmic case. 
Such waves are shown in Figs. 3 and 4. Tables I and II are 
given to show the method of making calculations. 
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The electrodes across which the transient spark-over voltages 
are to be studied, or the electrodes between which is placed the 
insulation under test, are connected across the resistance R. 
Gap A is set to give the desired impulse voltage. The trans- 
former voltage is then increased until arc-over occurs. The 
test piece places a capacity, C1, in multiple with the resistance, 
Ri. Unless C, is quite small compared with C the impulse will 
be modified by C;. If not otherwise stated in the tests, Ci is too 
small to affect results as shown by calculations and tests. 


GENERAL DISCUSSION OF THE EFFECT OF TRANSIENT VOLTAGES 

A definite finite amount of energy is required to break down 
air or otherinsulation. This means that break-down cannot take 
place instantly upon the application of voltage but that finite 
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time must elapse between the application of voltage and the 
break-down. The time depends upon the rate at which the 
voltage is applied, the dielectric material, the shape and spacing 
of the electrodes, initial conditions, etc. The strength of air 
under transient voltages will first be considered. 

. When the time of application of the voltage is not limited, as 
at 60 ~ a-c., or d-c., air breaks down at a gradient of 30 kv. per 
cm. maximum (6 = 1). This may be again defined in terms of 
the electron theory as the gradient necessary to bring the ions 
up to sufficient velocity in their mean free path to produce other 
ions by collision with atoms and molecules. Breakdown occurs 
when a sufficient number of collisions take place to produce ionic 
saturation.’ Initial ionization, even to a considerable extent, 


3. F. W. Peek, Jr.,—Law of Corona, I, II, III, A. 1. E. E. Trans. 
1911; 1912, 1913: 
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does not appreciably change this gradient for continuously ap- 


plied voltages. 


However, the time required for ionic saturation 


Trignometric case Fig. 3. 


element is not noticeable with continuously applied voltages. 
For instance, if a-c. voltages are continuously applied there is 
no indication whether breakdown occurs at the first half-cycle, 


to take place may be changed by initial ionization. This time 
TABLE I. 
CALCULATION OF IMPULSE WAVE 
C = 0.0005 X 10-6 farads. L = 0.312 x 10-3 henrys. R = 520 ohms. 
2ER - x are tan Ze q 
max = Ee @ R sir are tan z = 43.0 
peer _etikt 
ee OE eA BL / 28 x 
A/a € sin DA B 
B2 
A.= CI\= 15:6 X 10-4 B=CR =26 X 10-7 
44 7 
a 1 = 2.87 B/2A = 0.0834 X 10 K =0.43 
2L q 
f= are tan Rr = 0.5 micro-seconds = 500 ke. 
Fs Radians Bt 
t —_ ‘ eee 
t poet! aA Radians QA q 
‘ Bi Bi 2, ea 0 
micro- a ——— a BV : X 57.3] Sing € sing e of 
secs. ax 2A € = deg. ky. &max 
logio € 2A 6 ky. 
0.20 | 0.167 | 0.072 | 0.846 0.48 27.15) 07462 0.390 27.1 63.0 
0.40 | 0.334 | 0.145 | 0.714 0.96 55.0 0.819 0.585 40.6 94.5 
0.50 | 0.416 | 0.181 | 0.657 19 68.5 0.930 0.615 43.0 | 100.0 
0.60 | 0.500 | 0.217 | 0.608 1248 81.8 0.989 0.600 41.8 97.5 
0.80 | 0.664 | 0.290 } 0.515 1.90 108.6 0.950 0.490 34.0 79.4 
1.00 | 0.830 | 0.360 | 0.436 2.38 136.5 0.725 0.316 22.0 51.4 
1.30 | 1.08 0.468 | 0.341 3.10) 178.0 0.034 0.012 0.89 1.88 
1.45: 141720 0.520 | 0.302 3.44 197.0 —.290 —.0875 =6718)| 1452 
1.60 | 1.34 0.581 | 0.258 3.82 219.0 —.630 all BW 12.5 i= 2658 
1.80 | 1.49 0.646 | 0.226 4.28 245.0 —.906 —.205 aE) || Sst} 
2.00 | 1.67 0.725 | 0.189 4.78 274.0 —.994 = 187, —14.4 | —30¢3 
2.25 | 1.87 0.814 | 0.154 5.36 308.0 —.788 =, 12k —8.45| —19°.7 
2.50 | 2.09 0.905 | 0.124 6.00 344.0 =5276 —.034 —2..6 —5r5 
3.00 | 2.50 1.080 | 0.078 ifeales 412.0 | +.788 +.061 4.28] +9.5 
3.50 | 2292 1.260 | 0.045 8.37 480.0 0.886 .038 3.0 6.3 
4.00 | 3.34 1.450 | 0.035 9.58 550.0 1738 —.006 0.46 0.9 
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TABLE II. 
CALCULATIONS OF IMPULSE WAVE 


C = 0.00133 X 10- farads. L = 0.604 X 10 henrys. R = 5270 ohms. 


ef R+S 


ER (RFS Ne SAG ASS 
S (ESS) (Rem) 


E 2A Bi aA B 
€ righ = € ve 
ihe: 
B2 
B 4A B 4A 
pa Be eg ees fete ee 2) 
L R+S 
t=-—kh ia = 0.5 micro-second = 500 ke. K = 0.95 
S R-S 
A =CL =8 X 10-8 B=CR =7 X 10° 
4A B 
— — = 0.96 — = 437 10-8 
VA a Semi x 
‘Bt e 
« Pe (1- ; —Z sa (it ae Sil [eS c pes 
yee _ |x log €/€ —zaz, |* log €/€ ee |r *¥ ot 
seconds Moe ene v. 
B B 
0.30 0.04 0.0173] 0.963 2.58 1.13 | 0.074 | 0.889 91.8 96.5 
0.50 0.07 0.0303 | 0.933 4.30 1.87 | 0.014 | 0.920 95.0 | 100.0 
0.70 0.098 0.0425 | 0.908 6.00 0.908 93.8 98.8 
1.00 0.14 0.0610} 0.870 0.870 90.0 94.7 
2.00 0.28 0.1210] 0.758 0.758 79.5 83.5 
3.00 0.32 0.1890); 0.647 0.647 66.8 VOne 
4.00 0.56 0.2430} 0.572 0.572 59:2 62.3 
5.00 0.70 0.3030 | 0.498 0.498 61.5 54.2 
7.00 0.98 0.4250} 0.378 0.378 38.5 40.5 
10.00 1.40 0.6070} 0.248 0.248 25.7 27.0 
20.00 2.40 1.2100 | 0.061 0.061 6.3 6.6 


Logarithmic case Fig. 3. 
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or after a number of half-cycles have elapsed. In order to study 
the time element single impulses must be applied. When such 
impulses are of sufficiently short duration, higher voltages are 
required to produce ionic saturation in the limited time. If 
the number of available ions is small at the start, a longer time 
may be required to produce ionic saturation. Single impulses 
must not be confused with continuously applied high frequency. 
With continuously applied high frequency a greater number of 
half waves may be necessary to cause breakdown than at 60 ~ 
but a higher voltage is not necessary, as the effect of each half 
wave is cumulative. Note Fig. 4. If the voltage is such as to 
produce a gradient of 80 kv. per cm. and is continuously applied, 
as in wave A, breakdown may take place at time a or a’ weer, 
depending upon initial conditions, etc.; g, is not changed, how- 
ever. 

If a single half-cycle of a high-frequency sine wave is applied 
so as just to cause spark-over it is found that the maximum volt- 
age must be such as to produce a gradient g,, while breakdown 
may take place at 6 or b’. Breakdown takes place in shorter 
time than for A, but it is necessary to apply a higher average 
voltage during this limited time. If a very high transient over- 
voltage wave, C, is applied, breakdown may take place at some 
point c, on the rising curve. The time is shorter than B, but the 
average voltage is much higher. If a wave D, with a long tail, 
and a maximum voltage just high enough to cause breakdown 
is applied, rupture will probably take place at some point d, 
near the continuously applied wave A. The D voltage neces- 
sary just to cause spark-over is lower than B as the time is longer. 
In any case the insulation starts to break down as soon as the 
impulse voltage reaches the continuously applied breakdown 
voltage. Thus, while the impulse voltage may not be sufficiently 
high to cause complete breakdown, if it is higher than the 
continuously applied breakdown voltage, it may do considerable 
damage to solid insulations. The wave E would not cause break- 
down in air; ionic saturation would not take place, but ionization 
would just begin. 

This discussion applies particularly to non-uniform fields, 
(for instance, the field around needles), where the ions do not at 
the same time everywhere come up to sufficient velocity to pro- 
duce others by collision. For more nearly uniform fields, as 
those around spheres, the time element is less. 

From the above discussion it appears that: 


~ 
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1. Impulse voltages higher than continuously applied voltages 
are required to rupture insulation. 

2. The increase over the continuously applied voltage de- 
pends upon the rate at which the voltage is applied or the steep- 
ness of the wave, and length of tail, time of application, initial 
conditions, etc. 

3. The increase in voltage, or required time, depends upon the 
length of gap, and shape of electrode, or the nature of the dielec- 
tric circuit. This is so, inasmuch as the rupturing energy, and 
therefore, the time, depend upon the amount of air that it is neces- 
sary to ionize in the path of the arc. 

4. Dielectrics begin to rupture as soon as the impulse voltage 
reaches the continuously applied rupturing voltage; the effect 
is cumulative with successive impulses. A single impulse of 
short duration may cause complete breakdown, if of sufficiently 
high voltage. 

5. Needle gaps are affected by the time element to a greater ex- 
tent than sphere gaps, because they require a greater rupturing 
energy. 

6. The time lag may be explained by the energy theory and, 
also, is in accordance with the electron theory. 

We have termed the ratio of the impulse breakdown voltage 
to the continuously applied breakdown voltage the ‘“ impulse 
ratio.” So far the discussion has been general; a more detailed 
and theoretical discussion will be given later. The discussion 
as given applies more particularly to air; with slight modifica- 
tions it also applies to other insulations as, will appear later. 

It now remains to test the above reasoning by experiment. 


EXPERIMENTAL DETERMINATION OF THE EFFECT OF 
TRANSIENT VOLTAGES ON AIR 


SPARK-OVER OF SPHERES AND NEEDLES 


Impulses of the Same Front, but Different Duration. Spark-over 
voltages were measured between spheres and needles with wave 
shapes as shownin Fig.5. The instantaneous voltages are plotted 
in percentofmaximum. The time is measured in micro-seconds. 
The fronts of the waves are all practically the same and equiva- 
lent to that of a 500-kilocycle sine wave. The duration or the 
length of tailis, however, quite different. Table III gives the im- 
pulse breakdownvoltage, andthe60 ~ breakdown (continuously 
applied) voltage corresponding to different gap settings. These 
tests were made by setting the A gap for a given impulse voltage, 
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TABLE III. 
IMPULSE SPARK-OVER VOLTAGES OF NEEDLES and SPHERES. 
(EFFECT OF WAVE SHAPE.) 


Needle gap. Sphere gap. 
(25 cm. spheres.) 


Continu- Continu- 
ously Impulse* ously Impulse* 
applied spark- applied spark- 
Spacing (60 ~) over Imp. Spacing (60 ~) over Imp. 
cm. spark- kv ratio em, spark- ky. ratio 
over (max.) Over (max.) 
kv ky. 
(max.) (max.) 


Wave No. 1 (Sine Shape.) 


2.30 26.5 36.5 1.34 s wn 59 3525 35.5 1.00 

3.50 38.0 60.0 1.58 2.00 59.0 60.0 1.02 

4.50 45.0 E) cay 2.60 7540) Ud &2 ihe. 6)) 

5.10 49.1 91.0 1.86 3.00 87.0 90.0 1.05 

5.40 51,2 102.0 1.99 

6.10 56.2 113.0 2.00 

6.70 59.0 119.0 2.02 3 dis a2 ar) 

R= 6520 ohms L = 0.312 X 104 henrys C = 0.0005 X 10-8 farads K = 0.43 
Wave No. 2. 

3.50 38.0 49.2 1.29 Lo || 49.0 49.2 1.00 

6.80 59.5 90.0 LB 3.10 88 90. 1.02 

8.90 wOnO 118.0 al ley 4.40 121 118 .97 
10.80 79.5 142.0 1.78 5.30 142 142 1.00 
12.60 87.0 162.0 1.86 6.10 160 162 LOx 
14.10 95.0 181.0 1.91 7.00 180 181 1.00 
16.00 104.0 210.0 2.03 7.80 200 210 1.05 

R = 2080 ohms. L = 0.37 X 10° henrys C = 0.001 X 10-6 farad K = 0.85 
Wave No. 3. 

7.10 61.0 80 i733 a +. as weal 
12.30 86.0 124 1.44 
17.30 109.0 160 1.47 
20.10 122.0 192 dL. Site i ag a 7 
2050 134.0 217 Lo 9.30 225 217 .97 

R = 5270 ohms. L = 0.604 X 10-* henrys C = 0.00133 < 10-6 farads. K = 0.96 
Wave No. 4. 

8.80 70.5 81.5 1.16 2.60 80 81.5 1.02 
12.50 87.5 105 1.20 3.50 103 105 1.02 
21.00 127 145 1.14 5.40 145 145 1.00 
23.80 141 163 1.16 6.50 159 163 1.02 
26.40 152 180 1.18 x x A ae 
30.5 ive 207 ei ef ohs 23 xe 

R = 6800 L = 0.604 X 10 henrys C = 0.004 X ay farads K = 0.98 


i) 
*Calculated from circuit constants and voltage E, across gap A. See equations (1) to (7) 
®max = E K where tis obtained from (7). See Tables I and Il. 
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and adjusting the spheres or the needles (not in parallel) across 
E, until spark-over occurred. This was repeated for different 
voltages until a curve was obtained. 

Looking at Fig.5, wave No. 4 is of longest duration, while 
wave No. 1 is of shortest duration. Wave No. 1 may, in fact, 
be considered as equivalent to a single half-cycle of a 500-kilo- 
cycle sine wave. The oscillation may be neglected, as its maxi- 
mum value for any given spark-over is kept below the continu- 
ously applied spark-over voltage. 

According to the general discussion above, a much greater 
spark-over voltage should be required, for a given spacing when 
wave No. 1 is used than with 60 ~, the spark-over voltage for 


= 7] T= iia 
100 1 
| Wave No. 4 
80 T 
Wave No. 3 
60 
40 | 
w } 
20 us Wave No. 2 
0 2 
| Wave No. 1__| 
-20 
i 
-40 1 nt Leh | 
0 0.4 0.8 12 1.6 2.0 24 28 32) 3.6 4.0 44 


MICRO-SECONDS 
FIG. 5 


wave No. 1 should also be greater than for waves Nos. 2, 3 and 4. 
The spark-over voltage of wave No. 4 should be lower than for 
waves Nos. 1, 2 and 3 but greater than 60 ~. This applies 
particularly to needles. With spheres at limited spacings (not 
greater than the sphere diameter), where the field is more or less 
uniform, less effect due to limited time should be expected. Ina 
uniform field the ions come up everywhere at the same time to 
sufficient velocity to produce others by collision. The path is 
of minimum length. Spark-over is the first evidence of stress. 
With needles, considerable energy must be expended in corona in 
a large space before spark-over can occur. The length of the 
path is a maximum. 

Such data on spheres and needles are tabulated in Table III 
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and plotted in Fig. 6. The experimental results check the gen- 
eral discussion. For example, looking at Fig. 6, at 10-cm. spacing 
the spark-over voltage of needles at 60 ~ is 75 kv.; with wave 


240 ir 
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KILOVOLTS (MAX.) 
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2 16 | 20 
SPACING-CM. 
Fic. 6—IMPULSE SPARK-OVER VOLTAGES OF NEEDLES—EFFECT OF 

WAVE SHAPE 


Numbers on curves refer to waves in Fig. 5. 


No. 1 it is 188 kv.; with wave No. 2 it is 131 kv.; with wave No. 
3 it is 104 kv.; with wave No. 4 it is 90 kv. The total time that 
waves Nos. 1, 2,3 and 4 at the voltages just given are above the 
60 ~ voltage is approximatly 0.95, 1.52, 2.70 and 5.0 micro- 
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0 04 08 1,2 165 5210) 24 2.8, 32, 36 «4.0, G44 48 5.2 5.6° 6.0 
TIME MICRO-SECONDS 


Fic. 7—ContTINUOUSLY APPLIED, AND VARIOUS IMPULSE VOLTAGES 
Just TO CAusE SPARK-OVER—10-cmM. GAP BETWEEN NEEDLES 


[Note time of various impulses above continuously applied. ] 


seconds‘ respectively. See Fig. 7. Where the maximum of the 
impulse voltage is very little above the continuously applied 
voltage the time may be comparatively very great. 

The effect of these voltages on spheres is given in Table III 
and plotted in Fig.8. The drawn curve is the 60 ~ curve. The 


4. One millionth of a second. 
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points are measured impulse values. It is seen that these fall 
close to the 60 ~ curve where the sphere diameter is large com- 
pared to the spacing, or where 
the field is fairly uniform, as was 
the condition under which tests 
were made. It would thus ap- 
pear that the sphere offers a 
fairly accurate means of measur- 
ing transient voltages of steep 
wave front. The applied im- 
pulse voltages measured by 
spheres (with the above limit- 
ations) check well with the 
voltages calculated by consid- 
ering the transient current flow- Saar . ar oe 
ing through the resistance R. Saas Gis 

Thus the time, or more exactly the __¥1G. 8—ImpuLse SPARK OVER OF 
energy, required to sparkover a ai ee ceenen of ey BL 
sphere gap 1s much less than that 

required for a needle gap; the amount of air that it is necessary to 
ionize before rupture is much less for the sphere. In all cases 
tests were made to show that the change in capacity of the gap 
and stand did not affect the impulse. 


KILOVOLTS (MAX.) 


2.2 | 7Needles a 
No. 1 
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Fic. 9—IMPULSE RATIO OF NEEDLES AND 25-cM. SPHERES*—EFFECT 
OF WAVE SHAPE 


Wave No 1, Fig 5, X Wave No. 8, Fig. 5 
“ «“« 2 “ “« O “ “ 4 “ “ + 


The impulse ratio for spheres and needles is shown in Fig. 9. 
It will be noted that it is practically unity for spheres; for needles 
it increases with the gap length and with decreasing time of ap- 
plication. 


*Ratio of maximum impulse spark-over voltage to maximum con- 
tinuously applied spark-over voltage. 
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VARIATION OF SPARK-OVER VOLTAGES OF SPHERES AND NEEDLES 
FOR SINGLE Hatr-Cycie Sinz Wave Imputses CoRRESPONDING 
TO DIFFERENT FREQUENCIES 

In Table IV spark-over data are given for spheres and needles 
for different single sine wave impulses. These impulses approxi- 
mately correspond to single half cycles of sine waves of different 
frequencies. 


TABLE IV. 


2 
VARIATION OF SPARK-OVER VOLTAGES OF SPHERES AND NEEDLES FOR 
SINGLE HALF-CYCLES OF SINE WAVES CORRESPONDING TO DIFFERENT 


FREQUENCIES. 
Needles Spheres 25 em. 
| 
60 ~ *Impulse 60 ~ Impulse* | 
Spacing spark- spark- Impulse Spacing spark- spark- | Imp. 
cm. over over ratio em, ky (max.) over ratio 
kv.(max.)! ky. (max.) (max.) 
31 Kilocycles. 
5.20 51.0 51.0 1.00 1.70 51.0 51.0 1.00 
9.00 CLS ile’ 1.00 2.40 Wa 5 Wa. 5 1.00 
12.10 86.0 87.2 1.01 3.00 _ 86.0 87.2 1.01 
15.00 99.0 101.0 1.01 3.60 102.0 101.0 | .99 
15.90 105.0 LTS AOceal| ye ay. 0%, 4.00 113.0 11320). |v. 1.00 
L720, 110.0 122.0 LO 4.40 122.0 122.0 1.00 
18.50 116.0 130.0 he) 4.80 130.0 130.0 1.00 
R = 2000 ohms L=16.1 X10“ henrys C = 0.0024 x 10-6 farads. K = 0.480 
55 Kilocycles 
3.50 38.0 38.0 1.00 125) 38.0 38.0 1.00 
5.10 49.4 49.4 1.00 1.65 49.4 49.4 1.00 
7.00 59.2 59.2 1.00 2.00 59.2 59.2 1.00 
8.50 69.0 69.0 1.00 2.35 69.0 69.0 1.00 
9.60 75.0 76.0 1.01 2.60 76.0 76.0 1.00 
10.60 79.0 84.0 1.06 2.90 83.5 84.0 1.00 
11.30 83.0 91.0 1.09 3.10 90.5 91.0 1.00 
12.50 88.5 97.0 1.10 3.40 97.5 97.0 1.00 
13.70 94.5 106.0 12 Sel) 104.0 106.0 1.02 
R = 700 ohms L = 3.17 X 104 henrys C = 0.004 X 10° farads K = 0 457 
83 Kilocycles. 
2.40 29.6 30.4 1.02 1.00 30.4 30.4 1.00 
3.80 41.5 43.8 1.03 1.50 43.8 43.8 1.00 
5.70 53.3 56.5 1.06 1.95 56.5 56.5 1.00 
7.10 61.5 68.0 1.10 2535 68.0 68.0 1.00 
8.40 68.5 Tifpe 3) 1.14 2.70 Ces CED) 1.00 © 
10.80 80.0 a7. 1° %5 3.20 90.5 et shih OL 
11.80 85.0 103.0 Ula 24il 3.60 102.0 103.0 1.01 
13.40 91.5 123.0 1.34 4.25 120.0 123.0 1,02 
15.10 100.0 137.0 Loe 5.00 135.0 137.0 1.00 


R = 910 ohms L = 2.5 X 103 henrys C = 0.0024 X 10° farads K = 0.515} 
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TABLE 1V—Continued 


Needles | Spheres 25 cm. 
60 ~ 60 ~ Impulse* 
Spacing spark- | *Impulse | Impulse | Spacing spark- spark- Imp. 
cm. over kv. (max.) ratio cm. over over tatio 
ky. (max.) kv.(max.)| (max.) 


100 Kilocycles. 


2.70 31.8 35.4 110 
6.50 58.0 65.0 i als 
9.0 W125 89.0 1. 26 
11.4 83.5 110.0 32 
13.6 93.0 127.0 1.36 
R = 2080 ohms L = 2.50 X 10% henrys C = 0.001 X 10“ farads. K = 0.60 
230 Kilocycles. 
1:75 21.1 25.0 1.18 Be ~ | 
2.70 31.0 37.6 1.21 
3.80 40.8 50.1 123 
4.95 48.5 62.5 1.29 
6.20 56.5 75.5 1.34 
(225 62.5 88.0 1.14 
8.50 69.0 100.0 1.45 a 45 his ns 
R = 500 ohms. L = 0.799 X 103 henrys C = 0.0008 X 10° farads K = 0.356 
350 Kilocycles 12.5 cm Spheres 
2.20 26:1 32.6 1.25 1.05 33.0 32.6 .99 
3.20 35.2 50.2 1.42 1.65 49.4 50.2 1.02 
4.30 44.4 67.0 aol! 2.30 65.6 67.0 1.02 
5.85 55.0 83.5 1.52 2.90 81.0 83.5 1.03 
7.00 61.2 100.0 1.63 3.45 95.0 100.0 105 
8.60 69.5 117.0 1.68 4.25 113.0 117.0 1.05 
9.85 76.0 134.0 1.76 hs bs »- i 
R = 430 ohms. L = 0.312 X 10% henrys C = 0.001 X 10-§ farads. K = 0.470 
900 Kilocycles. 
1.65 9.2 14.2 ieo2 0.40 14.1 14.1 1.00 
1.20 15), 2 28.3 1.86 0.90 28.2 28.2 1.00 
1.80 21.6 42.3 1.91 1.40 42.3 42.3 1.00 
2.60 29.7 56.5 1.92 1.90 55.0 56.5 1.02 
iO) 33.9 70.7 2.08 2.40 68.0 70.5 1203 
3.60 38.9 84.7 2.18 2.90 82.0 84.5 » 1,03 
4.00 42.3 99.0 2.34 3.50 95.0 98.5 1.04 
Ale a ae ns 3.70 100.0 106.0 1.06 
_|R = 400 ohms. L = 0.166 X 10 henrys. C = 0.00025 X 10-6 farads. K = 0.35 


*Calculated from circuit constants and voltage E, across gap A. See equations (1) to (7). 
n.ax =EK where t is obtained from (7). See TablesI and II. K is constant for any given 
wave. The impulse voltages are obtained by multiplying the 60 ~ voltage E, by K. 
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Needles. The time range is from continuously applied (60 ~) to 
900 ke. Applying the same reasoning used above, where the 
duration of the impulse is decreased, higher spark-over voltages 
should be required for needles ; thus, the higher the frequency 
(the shorter the time) that the single half wave corresponds to, 
the higher the voltage that should be required to cause spark-over. 
The data is plotted in Fig. 10. It must be remembered that 
“frequency ” is not used in the ordinary sense; it indicates here 
the time required for the voltage to reach a maximum along a 
sine curve. For instance, the 500-kc. wave reaches its maximum 
in 


: il 
en 2 v, a 
4 X 500,000 0.5 X 10-® seconds = 0.5 micro-seconds. 


=“ 900 Kilocyel A360 Kit I 
ilocycles | 0 Kilocycles 
500 Kilocycles | 230, Kilocycles 199 Kilocycles 
120 | 6 T 
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Note the voltages corresponding to 5 cm. spacing. These volt- 
ages are 48 kv. for continuously applied, 57 kv. for 100 kilo- 
cycles; 64 kv. for 230 kilocycles; 75 kv. for 350 kilocycles; 93 
kv. for 500 kilocycles and 123 kv. for 900 kilocycles. 

The variation of voltage with frequency or 1/time in micro- 
seconds to reach the maximum is plotted for constant spacings 
in Fig. 11. These curves cut the axis (zero frequency) at the 
continuously applied spark-over voltage. 

For any single half cycle sine-shaped impulse at any instant 
at a given “ frequency ” the rate of application of voltage across 


the gap, a = a Average a = a is greater the higher- 
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the maximum voltage. Thus, at 500 kc. and 3-cm. spacing (Fig. 
11) , Cmax = 58 kv.;¢ = 0.5 micro-seconds. 


nae = 116 kv. per micro-sec.; at 5-cm. spacing 
91 : 
Ob Sh Geo 182 kv. per micro-sec. The law of spark-over of 


needles for sine shaped impulses determined from data in Table 


IV may be expressed 
e = 0.0176 xf + @% (8) | 


Spacing -10 Cm.) + 


KILOVOLTS (MAX.) 


+———+ +——+— -t : a 
20 =S= a — ab 
50) ea SS ue , 
0 0.4 0.8 es 16 2.0 2.4 28 3.2 3.6 4.0 


1/TIME TO REACH MAXIMUM 
0 100 200 300 400 500 600 700 800 900 1000 
SINGLE HALF SINE WAVE IMPULSES CORRESPONDING FREQUENCY IN KILOCYCLES 


Fic, 11—IMPULSE SPARK-OVER VOLTAGE OF NEEDLES—SINGLE HALF. 
CYCLE OF SINE WAVE OF DIFFERENT FREQUENCIES 


where e = maximum of a sine-shaped impulse just to cause 
spark-over. ; 
é) = maximum 60 ~ spark-over voltage. 
f = corresponding frequency .of single half sine wave 
impulse in kilocycles. 
x = spacing in cm. 
é, = 0.0176 x f= voltage rise above the 60 ~ spark-over 
voltage. 
The crosses in Fig. 11 are calculated from this equation; 
the circles are measured values. 
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Equation (8) may also be written in terms of the time ¢, in 
which the sine wave reaches a maximum. Thus, 


oe a0" 
At 
Therefore, from (8) 
44x 
Ca i + eo 
(9) 
280 T T — = 
+ 
240 a ia | =| 
200 = = 
& | 
a 
= 160 ] = e | le 
<= 
2 | | 
5 [ 
= 120;—+ is | 
3 c x=10Cm = 
= =| ie @5=77 
80 iH 
x-5Cm. @o=47 
40 i= 1 = 
laab | 
0 Hal 
0 04 08 12 16 20m 2A 2S 3.2 36 40 
TIME MICRO-SECONDS FROM ZERO TO MAX. ALONG SINE WAVE 
Fic. 12—NEEDLE GAP SPARK-OVER—(Kv. vs. TIME.) 


where ¢= time in micro-seconds for the impulse to reach maximum 


a= £4 x (10) 


Co CG 


It is interesting to take a given spacing x, and determine ¢ for 
various assumed values of e. Such curves are plotted in Fig. 12; 
e then is the voltage which is reached before spark-over occurs. 
This voltage starts from zero, and approximately follows a sine 
curve which reaches its maximum in the time ¢.' It is probable 
that for needles, spark-over takes place after the maximum is 
passed. It can be seen that when the voltage does not rise 
rapidly above e the time lag may be very great. The lag is 
greater at large spacings than small ones. At a given spacing 
the lag decreases with increasing rate of application, or a. 

It is of interest to put fin terms of the rate of increase of volt- 
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age. Where a is the average rate of increase in voltage between 
zero and a maximum 


é=at 
iste 


Substituting in (9) and solving for ¢, 


C0" 44x 
4a? a 


(11) 


The time that the voltage is above e)9 may be found by sub- 
tracting the time required to reach ey) from?. An equation contain= 
ing a asin (11) would be of especial interest for voltages increasing 
along a straight line at a definite slope a. See data Table V. 

In making impulse tests it is found that spark-over may not 
take place at every impulse, but perhaps at only one in ten, or 
one in fifty. To cause spark-over at every impulse it is necessary 
to increase the voltage, the amount depending upon the elec- 
trodes. The difference is minimum for spheres, and about one 
per cent. It may be 10 per cent for needles at very steep wave 
front. Itismaximum for unsymmetrical electrodes. This will be 
discussed later. Inall of these tests, unless otherwise stated, the 
gap was set so that one spark-over took place in ten impulses. 

Spheres and Needles Compared. Up to single half-cycles of 1000- 
kc. sine waves, thereis no great difference between the continu- 
ously applied and impulse spark-over voltages for spheres set 
below diameter spacing (except at very smallspacings). Spark- 
over probably takes place near the maximum point of the wave. 
Such variations as occur are within the range of experimental error 
and thus cannot be accurately determined. When the spacing is 
less than the diameter of the sphere corona cannot form; spark- 
over occurs along a small tube of air directly connecting the 
nearest surfaces of the spheres. The spacing is small com- 
. pared to the needle gap spacing for the same continuously applied 
voltage setting. Before a needle sparks over, a large ‘‘ sphere” 
of corona must first form. Local breakdown starts at the points 
in the irregular field; the “‘sphere’’ of corona is gradually formed 
around each point as the voltage increases; finally spark-over oc- 
curs. There is chance for ionic recombination and escapement; 
the energy stored in the field must be supplied through the resist- 
ance of the gradually forming corona ‘“‘spheres”. The time lag 
of the needle is thus large. Much more energy is required 


1915] PEEK: TRANSIENT VOLTAGES 1877 


than for the spheres. See Fig. 13, where this is illustrated 
diagrammatically for both spheres and needles. When the 
sphere spacing is so large that corona precedes spark- 
over, the time lag or energy lag becomes appreciable. 
The condition at very small spacings is a special one and will 
be considered later. Thus, the sphere used within the proper 
limits is very “‘ fast’, compared to points, and offers an accurate 
means of measuring transient voltages in the range covered above. 
The curves can be calculated by formulas already given.’ Other 
electrodes have small time lag when arranged in such a way that 
the dielectric field is fairly uniform and corona formation does 
not precede spark-over. 

The surfaces of the spheres may be roughened, to some extent, 
without greatly changing the impulse spark-over voltage. Drops 
of water or rain on the electrode surface greatly reduce the 60 ~ 
spark-over voltage but reduce the impulse voltage to a much less 
extent. 


—O=- [0% 


ETGen ls Fic. 14 


SPARK-OVER OF Gaps IN MuLTIPLE—OvER VOLTAGES 
AT CONSTANT SLOPE 

If sphere and point electrodes set to spark over at the same 
60 ~ voltage are placed in multiple and a steep wave front 
impulse is applied, spark-over will always take place across the 
sphere gap. See Fig.14. The sphere gap may now be set at a 
higher continuously applied or 60 ~ voltage than the needle gap; 
an impulse, if of sufficiently short duration and high enough 
voltage, will spark-over the sphere gap before the needle gap has 
time to discharge. For instance, if a sphere gap is set for 84 
kv. and a needle gap for 45 kv. at 60 ~, an impulse equivalent to 
a single half-cycle of a 177 kv. sine wave (of average front a = 
730 kv. per micro-sec.) will always discharge across the sphere 
gap, although the needle gap is set at about half the 


5. F. W. Peek, Jr.,—‘‘ The Sphere Gap as a Means of Measuring High 
Voltages.”—Trans. A. I. E. E., 1913. 
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60 ~ voltage. These gaps share the impulses equally, only 
when the 60 ~ settings are 84 kv. and 42.6 kv. respectively. 
See Table V. This illustrates the difference in speed between a 
needle gap and a sphere gap. The impulse voltage is allowed 
to rise above the 42.6 kv. setting of the needle gap, and reach the 
84-kv. setting of the sphere gap before the needle has time to 
spark-over. It is probable that, due to the relatively small lag 
of the sphere, the voltage rises slightly above 84 kv. See Fig. 
15, where this particular case is illustrated. The needle gap 
spark-over voltage is 42.6 when the time is not limited; due to the 
time lag, spark-over does not take place when the voltage rises 
to 42.6 kv. but at some higher value, f, micro-seconds later. 
The time, ¢,, represents the small time of the sphere. With the 
above setting, spark-over may take place across either gap. If 
both the sphere gap and needle gap are now set at 42.6 ky. (60 ~) 
the sphere gap will spark-over ¢, micro-seconds after this voltage 


<7 17 Kv. ——177 Kv. 


, 


Spark takes place—- 


Needles Discharge 84 Kv. 
(If Spheres are out 
of Circuit) 
Spheres Discharge | 
Setting of both Spheres /it,! 
and Needles 42.6 Kv | 


Neediez=2—_ 25 fee 
Setting 42.6 Kv. 


Fre. 15 Fic. 16 


occurs. The time, ¢,, is relatively very small. The needle gap 
can then never discharge until the sphere gap is removed when 
spark-over will take place after the voltage has increased above 
42.6 kv. along the wave for the time t,. See Fig. 16. With the 
relative settings as in the first case above sparks may be made to 
pass at will over either the spheres or needles for the multiple 
gap by varying the wave front. 

The data in Table V were obtained by applying over-voltages 
to sphere and needle gaps in multiple. The sphere gap was set 
at a given voltage, the needle gap was then adjusted until the 
applied impulse sparked an equal number of times between 
spheres and needles. A number of points were thus obtained. 
The waves made use of in obtaining different “ fronts ”’ are illus- 
trated in Figs. 15 and 17. A maximum impulse voltage was 
always taken higher than the voltage setting of the sphere so that 
discharge took place on the rising wave where the front was still 
steep. This, then, approximates a voltage wave rising along 
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TABLE V 
SPARK-OVER OF SPHERES AND NEEDLES IN MULTIPLE ON RISING WAVE 
(SET TO SHARE IMPULSES EQUALLY ON VERY HicH OveR-VOLTAGES.) 


Spaced to share im- 


Applied pulses equally. Spark-over voltage Time 
Impulse for these gaps at 60 |Wave front |from zero 
(Single half ~ (max.) (average) | to sphere 
cycle 500 = —— | @enkvy.. | voltages Imp. 
ke. sine | Spheres | Needles per micro- | micro- Ratio 
wave.) |(12.5 cm.) sec. sec. 
max, kv. Spheres* | Needles Needles 
cm. cm. 
212 0.90 0.95 28.3 12.2 1080 0.027 2.30 
* 1.95 Pa} 56.5 26.4 940 0.060 2.14 
- 3.07 3.90 84.0 41.7 900 0.094 2.00 
$ 4.27 5.70 113.0 53.5 850 0.132 2.10 
* 5.63 (e20 141.0 62.1 770 0.180 2.25 
i W520) 10.00 170.0 76.0 710 0.240 2.24 
177 0.90 1.00 28.3 12.8 810 0.035 2.20 
S 1.95 2.45 56.5 28.2 790 0.071 2.00 
! 3.07 4.15 84.0 42.6 730 Onis 1.97 
: 4.27 5.80 113.0 54.0 660 0.170 2.10 
* 5.63 9.40 141.0 73.0 590 0.240 1.95 
107 0.90 1.05 28.3 ilisiejal 495 0.057 2.16 
. 1.95 2.75 56.5 31.0 430 Onisie 1.82 
ee 3.07 5.00 84.0 49.0 345 0.242 sears) 


*Also approximately impulse spark-over voltage See waves Fig. 17. 


- | le [| [-[ U fee 
“ek | in 
280 4 
e 
240 i + + | sie ——s 
| Qo 
t 
_. 200 i a-§-tan, 0 | 
Ey ! 
= 
160 + = 
g ‘ged ‘0 
= yoo(—=! | ark [eas 
| 
80 es 
40 ae I ta ie = 
be | 
°0 02. 04 06 08 1.0 12 14 


TIME IN MICRO-SECONDS 
Fic 17—Impu_s— Waves—500 KiLo-Cycues 


1880 PEEK: TRANSIENT VOLTAGES [Sept. 16 


a straight line of a given slope. The sphere gap measures ap- 
proximately the discharge voltage as shown in Fig. 15. The 
actual voltage is higher. The average rate of increase is in one 
case 1080 kv. per micro-sec. Note that for this particular case 
the sphere gap and the needle gap are set at approximately 
the same linear spacing. ‘Thus, for steep enough wave fronts, 
the linear spacing determines where the discharge takes place 
for gaps in parallel, although the continuously applied spark 


TABLE VI. 


TRANSIENT CORONA 
(Single half sine wave.) 


CONCENTRIC CYLINDERS IN AIR 


Bar = 76. cm. t = 25 deg. cent. . 6= 1] Outer Cyl. rad. R = 8.8 cm. 
Wire 60 ~ tests. Impulse tests. 
Radius 
Test Corona Spark- |Single half 
r Calc. Test spark- § |————__—_____—_ over sine wave 
cm. corona corona over A B ky.(max.)| frequency 
kv. (max.)|kv. (max.)|kv. (max.)|ky. (max.)|kv. (max.)|_ 1in10 | kilocycles 
0.0318 13.4 135.0 13.8 15.6 100 100 
14.7 16.0 ss 500 
15.1 16.1 At 900 
0.0573 20.5 20.0 110.0 2102 23.7 100 100 
22.0 24.0 aie 500 
22.6 24.0 os 900 
0.130 31.4 $1.3 49.6 32.3 33.2 103 100 
33.5 34.0 As 500 
384.2 34.8 a: 900 
0.95 86.0 85.0 86.0 85.0 86.0 108 100 
87.0 87.5 = 500 
87.5 88.0 900 
1.425 100 98.0 98.0 99.0 99. 110 100 
99.0 99.5 on 500 
100.0 101.0 e: 900 


voltages vary greatly. It iseven conceivable that for very steep 
wave fronts a smaller gap would be necessary for needles 
than for spheres. 


TRANSIENT CORONA AND SPARK-OVER FOR CONCENTRIC 
CYLINDER. + AND — TRANSIENT CORONA: 
Single half wave impulses were applied between concentric 
cylinders in a dark room. The impulse voltage was gradually 
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increased until visual corona started. The tests were conducted 
in much the same way as similar tests at 60 ~. The visual 
corona was quite definite although the impulse producing it 
in some cases reached its maximum value in approximately 
3 X 107 seconds. A difference in the appearance of the 
corona was noted with successive impulses. There ap- 


TABLE V1I—Continued 


Bar 76 cm. = 25 deg. cent. & = 1. Outer cylinder. R = 3.81 cm. 
60 ~ tests Impulse tests 
Wire 
Radius Corona 
t Cale. Test Test Spark- 
cms. corona corona spark- A B over 
ky (max.)|kv. (max). over kv. (max.)|kv. (max.)|kv. (max.) 
kv. (max.) 

0.0129 8.4 8.5 32.0 100 
9.2 68.0 500 
aoe 900 
‘0.0318 12.3 12.0 49.0 13.4 14.7 33.0 100 
ool 14.7 67.5 500 
14.5 1520) Ae 900 
0.0573 17.2 a8 40.0 17.4 18.2 35.0 100 
20.0 20.5 66.0 500 
24.0 24.7 5 900 
0.239 33.5 bs 33.9 33.4 37.1 44.7 100 
37.0 38.9 63nd 500 
37.0 103.0 900 
0.318 38.0 37.9 37.9 38.5 39.0 45.0 100 
39.5 40.0 64.0 500 
41.6 42.0 98.0 900 
0.635 49.0 48.1 48.1 49.0 49.7 50.0 100 
50.0 50.5 62.0 500 
51.6 52.0 81.0 900 
1.27 55,0 55'.0 54.5 55.0 55.0 55.0 100 
56.0 56.0 57.0 500 
56.0 56.0 59.3 900 


peared to be two kinds. This should be the case, as the wire 
should average an equal number of times positive and negative. 
The voltage at which the first appeared isin Table VI, Column A; 
the second is in Column B. The difference in voltage is not 
great and can only be detected for small wires. The corona 
appears to start at the lowest voltage when the wire is negative 
(0.0573 cm. diameter wirein 7.6 cm. cylinder,d=1). When the 
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wire is + the corona seems to extend out toaconsiderable extent in 
fine streamers. The visual voltages for 900-kc. impulses were — 18 
and +19. The 60 ~ calculated and measured values correspond- 
ing to the impulsemeasured values are given in Tables VI and VI 18 
and plotted in Figs. 18, 19, 20 and 21. A comparison between 
the apparent impulse and the 60 ~ corona voltages is best made 


TABLE VII. 
TRANSIENT CORONA AND SPARK-OVER. 
Bar. = 76 cm, fp OBIS, Oil 
Radius Outer Cylinder R = 8.8 cm. 
Corona Spark-over. 
&y &y Freq. 
Wire meas. cal. &y Kilo- Kilo- kilo- 
radius 60 ~ 60 ~ | impulse Imp. volts volts Imp. cycles 
r kv. per | kv. per | kv. per ratio 60 ~ impulse ratio single 
cm. em, cm. em. (max.) lin 10 half sine 
(max.) | (max.) wave 
0.0318 | 76.0 77.0 2 135.0 100 By 100 
82.0 oid 500 
a 
85.0 a at 900 
an 3s 
0.0573 70.0 71.5 7340) 1.02 110.0 100 3 5 100 
76.0 1.06 > 8 500 
78.0 1.09 g : 900 
0.130 56.9 56.9 59.0 1.04 49.6 103 2.08 100 
61.0 EO, ae ae 500 
62.0 1.09 ao Be 900 
0.95 40.0 40.5 40.5 1.00 86.0 108 1.26 100 
41. 1.01 us oe 500 
41.5 1.03 a a 900 
1.425 38.4 39.0 38.2 0.98 98.0 110 U2 100 
38.2 0.98 ae Ge 500 
38.6 0.99 ae ae 900 


by referring to Fig. 21, where the ratios of impulse to 60 ~ volt- 
ages (impulse ratios) are plotted. The percentage difference is 
not great except for small conductors; part of the difference may 
be due to difficulty in determining the exact starting point. The 
difference increases with decreasing time of application of the 
voltage. A 60 ~ corona curve for a wire in a cylinder is plotted 
in Fig. 19. The variation in the apparent strength of air with 
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the conductor radius at 60 ~ and for a single half-cycle sine 
wave 900-kc. impulse is given in Fig. 20. Comparatively small 
time lag should be expected in the first appearance of visual 
corona as it is essentially spark discharge over a short distance 
from wire to space, very similar to sphere spark-over. The 
““spark-over ”’ may be considered as taking place from the con- 


TABLE VII—Continued 
TRANSIENT CORONA AND SPARK-OVER. 
Bar. = 76 cm. & = 252 .C. 6 =1, 
Radius Outer Cylinder. R = 3.81 cm. 


Corona Spark-over 
Wire | 860 ~|&v60 ~|] & im- Kilo- Kilo- 
radius |meas.kv.] cal. kv. pulse | Impulse volts volts | Impulse Fre- 
r per cm. | per cm. | kv. per ratio 60 ~ impulse | ratio quency 
max. max. cm. (max.) lin 10 

0.0129 |} 110.0 113.0 114.0 1.01 32.0 obo 100 
126.0 Hella 68.0 a ss 500 

130.0 ile alss 3 900 

& 
a 

0.0318 83.0. 85.0 88.0 LOS 49.0 33.0 a5 100 
89.0 1.05 7s 67.5 9 S 500 

95.5 te 12 ? 8 900 

° 

0.0573 ios Cees 1.01 40.0 35.0 2 100 
83.2 HG 66.0 500 

900 

0.239 50.5 50.5 1.00 33.9 44.7 ioe 100 
56.0 Apes BL 63.7 1.88 500 

103.0 3.05 900 

0.318 47.6 47.6 49.0 03 37.9 45.0 1.20 100 
50.0 05; 64.0 Vc) 500 

52.9 i ie 98.0 2.60 900 

0.635 42.2 42.9 43.0 1.00 48.1 50.0 1.04 100 
44.0 1.02 62.0 1.29 500 

45.4 1.06 81.0 1.68 900 

1220 39.4 39.4 39 °0 0.99 55.0 55.0 1.00 100 
40.0 1.01 55.0 57.0 1.04 500 

40.0 1.01 56.0 69.0 de25 900 


ductor to space through the ‘‘ energy distance ” or rupturing 
distance of 0.8 Vr cm. This is the finite distance over which 
air must be stressed ata gradient of 30 kv per cm. and above 
(6 = 1) before corona can start.® 

G. F. W. Peek, Jr..—Law of Corona, I, Il,dHI, A, I. E, E. TRANS,, 

1911, 1912, 1913. +i 
FB. W. Peek, Jr., Dielectric Phenomena in High-Voltage Engineering, 
Chaps. III and IV. 


1884 PEEK: TRANSIENT VOLTAGES [Sept. 16 


The rupturing energy is small. For very small wires, where the 
field is quite irregular, the time lag becomes appreciable. 
For complete spark-over from wire to cylinder considerable 
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20}-+4 i 
460~ Corona 


0.4— 
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0.8 12 1, a 
RADIUS OF INNER CYLINDER-CM. 


Fig. 18—SPARK-OVER CURVES FOR CONCENTRIC CYLINDERS IN AIR— 
Ji i BRST 6 = 1.00 


energy must be expended in forming a cylinder of corona, when 
the field is such that corona precedes spark-over. The phe- 
nomena may be thought of roughly,as a succession of corona break 
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Fic. 19—Sixty ~, AND TRANSIENT CORONA CURVES FOR CONCENTRIC 
CYLINDERS IN AIR : 


downs. The condenser charging current flows through the 
gradually forming corona. With a wire in a cylinder, corona 


R 
cannot form when od <e.’ The first evidence of stress is 


a eg ee 
7 F. W. Peek, Jr..—Law of Corona II,—A, l.-EOED Trans: 1013: 
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spark-over. Thus, there should be considerable lag when 
R ; : 

* > ¢€ or for small wires, and the impulse spark-over voltage 


should be higher than the 60 ~ spark-over voltage. Data in 
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Fic. 20—Corona GRADIENT CURVES FOR CONCENTRIC CYLINDERS— 
JR Behl = iL.) 


Table VI and Figs. 18 and 19 show this to be the case. The 
exception is for very small wires when the 60 ~ spark-over volt- 
age becomes quite high. This is due to the grading effect of 
corona on the wire enclosed in a cylinder.’ There is, naturally, 
no such effect on a single impulse. 


[| 
Fatal Half Cycle Sine Wave 


900 Ke. 


b+ be 


—~ oe 
oO 


Single Half Cycle Sine Wave 
100 Ke, 


IMPULSE RATIO 


0 0.2 12 14 


4 0.6 0.8 1.0 
CONDUCTOR RADIUS-CM. 
Fic. 21—AVERAGE IMPULSE RATIO OF CORONA ON WIRES— 6= 1.00 


The spark-over voltages in Table VI correspond to one spark- 
over in tenimpulses. There is very little difference in the volt- 
age for one discharge in a hundred applied impulses and one in 
ten ; for ten discharges in ten impulses a considerable increase in 
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voltage is required above that for one discharge in ten impulses 
for some electrodes. This is especially so with dissimilar elec- 
trodes as the difference in spark-over when the wire is + and — 
then increases this effect. The range for various gaps is given in 
Table VIII. 

In Table IX are spark voltages (1/10) for the wire, positive 


and negative. Spark-over takes place at a lower voltage when 


TABLE VIII. 
VARIATION IN SPARK DISTANCE WITH CHANGE IN RATIO OF NUMBER OF 
SPARK-OVERS TO NUMBER OF APPLIED IMPULSES 


500-Kilocycle Impulse Sine Wave. e/E = 0.43 = K 


Impulse gap Ratio No. Max. 
Single half of spark-overs Variation 
cycle applied to No. of ap- in 60 ~ 
impulse kv. Spacing Corresponding | pled impulses. kv. setting. 
cm, 60 ~ ky. between 
| 1/10 and 10/10 
25-cm. sphere gap. 
20 0.80 20.0 1/10 2% 
20 0.75 19.5 10/10 
40 1.80 40.0 1/10 1% 
40 1.75 39.5 10/10 
80 4.10 80.0 1/10 1% 
80 4.00 79.0 10/10 
2/0 needle gap. 
20 Io ilye 10.5 10/10 
20 So 120 10/20 22%* 
20 1.60 1325 4/40 
40 2.70 22.0 20/20 
40 3.00 24.0 10/20 14.7% 
40 3.30 25.8 2/20 
80 5.40 37.0 20/20 
80 5.80 38.5 10/20 8.7% 
80 6.25 40.5 2/20 


*Difference decreasing with increasing spacing. 


the wire is positive. The impulses used in this test were ob- 
tained by placing a point and plate at gap A. The generator 
was connected for 500 ke., but a good impulse was not obtained 
as there was somewhat of an oscillation; the general characteris- 
tics of the + and — discharge are shown, however. The spark- 
over voltages given in Table VI are the minimum ones, and are, 
therefore, for the case when the wire is positive. 
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In appearance, the + and — corona of transients seems to be 
similar to that at 60 ~. 


from points extends out farther than the negative in the same 


TABLE VIII.—Continued 
CONCENTRIC CYLINDERS. 


R = 3.81 cms. 
500-Kilocycle Impulse Sine Wave. 


The impulse positive visual corona 


Wire radius | 
rem. 


0.0318 


0.128 


0.239 


0.635 


Impulse kv. 


Ratio of No. spark- 
overs to No. of ap- 


Max. variation in 
spark-over ky. bet. 


1.27 


1.59 


1.59 


(max.) | plied impulses. 1/10 and 10/10 
67.0 2/20 

83.0 10/20 382% 
99.0 20/20 

63.5 2.20 

79.0 10/20 30% 
90.5 20/20 

63.0 1/10 

75.0 10/20 26% 
85.3 20/20 

61.0 2/20 

65.0 10/20 16% 
73.0 19/20 

56.0 2/20 

58.2 10/20 7% 
60.3 20/20 

54.0 2/20 

5. 7/ 10/20 4.5% 
56.5 20/20 

900 Kilocycles Impulse Sine Wave 

105.0 1/10 

82.0 4/40 20% 
95.0 10/20 

102.0 20/20 

55.9 2/20 

59.2 10/20 11% 
62.6 20/20 

54.3 2/20 

57.6 10/20 10% 
61.0 25/25 


manner that it does at 60 ~. 


This is of great interest; it means 
that with transients, as with steadily applied voltages, a consider- 
able part of the air around points must be brought up to ionic 
saturation, or brushes must form, before spark-over can result. 
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INITIAL IONIZATION 

It was expected that the degree of initial ionization in the 
vicinity of the electrodes would have a considerable effect upon 
the spark-over voltage. This was not found to be the case-for 
electrodes in general. The reason was apparent after the corona 
tests were considered. Take, for instance, a small wire in a 
cylinder. Corona must form before spark-over can take place. 
It has been shown that the voltage rise above the continuously 
applied for the first appearance of corona on impulses is small. 


TABLE IX. 
POSITIVE and NEGATIVE SPARK-OVER. 
(Dissimilar Electrodes.) 


Wire in Cylinder. R = 3.81 cm. 
aS ee a oe 


Voltage kv. 
Radius Per cent 
cm. ‘wire difference 
+ — 
I PAG 57 57 0 
0.187 51 58.5 15 
0.0318 49.8 60.6 22 


Point and Plate. 


Spacing cm. when point is 


5.15 3.05 


Approx. 500-kilocycle wave. 


The time lag of the first appearance of corona is thus small com- 
pared to the time lag of the final spark discharges. The start 
of corona supplies greater “ initial ionization ” for the final spark 
than can generally be supplied externally by the action of ultra- 
violet light, X-ray, etc. Such external means undoubtedly 
decrease the time for the first appearance of corona. This time 
is, however, generally too small to be detected, except for instance, 
in the case of very small wires. The spark-over in more or 
less uniform fields, as those around spheres, is probably affected 
by initial ionization but the total spark lag is so small that it is 
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difficult to measure. It is probable that the effect of “ initial 
ionization ” can be detected if the voltage is applied very gradu- 
ally (a flat wave) never rising greatly above the continuously applied 
break-down voltage. This particular effect should be more pro- 
nounced where the molecular spacing becomes appreciable com- 
pared to the electrode spacing (at low density). For such a 
condition, the effect may be considerable as the percentage ioniza- 
tion supplied may approach ionic saturation. The chances of 
ions appearing between the electrodes is also greater with large 
initial ionization. 

Steep wave front impulse tests were made (6=1) with red hot 
wire loop electrodes, points and small spheres upon which ultra- 
violet light was directed, small spheres in a tube connected to an 
ozonator, points from which 60 ~ brush discharge took place, 
etc., without appreciable difference in spark-over voltage due to 
these various means of ionization. One striking test may be 
made by setting a point gap at a given voltage and causing an 
oscillation to play continuously across it. If a sphere gap set at 
the same 60 ~ voltage as the point gap, or even at a higher volt- 
age, is suddenly placed in multiple with the point gap, the dis- 
charge will leave the point and take place across the sphere 
gap, although the point was previously ionized by the spark 
discharge. 


Errect oF AIR DENSITY ON TRANSIENT CORONA AND 
SPARK-OVER 


The transient corona and spark-over voltages decrease with 
decreasing air density (from 6 = 1.00 to 6 = 0.05)* in much the 
same way as at 60~.° Fig. 22 shows the variation of 60 ~ 
corona and impulse corona (900 ke. and 100 ke.) with air density. 
A small wire is used for illustration as otherwise the curves 
practically fall together. It is probable that the apparent in- 


8. we 131025 
- 273 +4 
where 6 = barometric pressure in cm. 
t = temperature degrees centigrade. 
6 is the relative air density as a fraction of the density at 76 cm. pressure 
and 25 deg. cent. 
where 0 = 1. 
9. For method of test see Law of Corona III, F. W. Peek, Jr., TRANS. 
ee le Bree ere el Oils 
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AIR DENSITY 

Fic. 22—VARIATION OF VISUAL CRITICAL CORONA VOLTAGE WITH AIR 
DENSITY—WIRE Rapius := 0.0573 cM. 


TABLE X. 
EFFECT OF AIR DENSITY ON TRANSIENT CORONA AND SPARK-OVER 
} Concentric Cylinders! 


Outer cylinder radius, R = 3.08. Inner cylinder, r = 0.0573 cm. 


Corona Spark-over 

Single 

Meas Cal. half 
60 ~ 60 ~ | Impulse | Impulse 60 ~ | Impulse | Impulse sine 

kv. kv. ky. ratio 6 kv. kv. ratio 6 freq. 

max. max, max, max, max. kilo- 

cycles 

2.8 2.75 3.5 1.27 0.064) .. KOR ae 0.064} 100 
4.8 4.80 5.5 L415 0.160! 7.0 ia(0) 1.86 0.160 s 
6.0 5.95 6.65 it als} 0.248) 9.3 15.5 16%, 0.248 a 
58 ait 8.4 1.10 0.330] 11.0 Zane 1.59 0.330 Ss 
6 11.60 Need, 1.09 0.630] 16.6 27.3 L265 0.630 G 
14.4 14.40 15.5 1.07 0.847) 20.2 30.2 1.50 0.847 « 
16.2 16.20 17.2 1.06 1.00 | 22.5 3.9 1.42 1.000 . 
2.6 2.58 4.0 1.55 0.051 ys 28.5 Ba 0.040} 900 
4.8 4.86 6.5 1.34 0.166) 5.0 31.0 6.2 0.085 W 
7.6 7.60 OR 1.32 OF S83 \eeLeD 37.0 4.94 Onis & 
9.5 9.50 12.1 1.28 0.465] 13.3 47.0 3.54 0.440 “ 
13.5 13.30 16.3 1,23 0.765] 15.8 53.0 3.35 0.590 = 
16e2 16.20 20.0 12238 1.00 | 18.8 60.0 3.19 0.765 £ 
22.5 67.5 3.00 1.00 * 


1. Tests made in a metal-lined glass tube. 
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crease in the strength of air for transients may be taken care of 
in the law for the visual gradient as follows: 


0.308 


Sv = £06 (12) 


( 


V 6rd (a) 


where @ is the steepness of the impulse. 
creases with decreasing air density. See Table X, 


TABLE X—Con inued 


) $ («) 


The impulse ratio in- 


Corona Spark-over. 
Impulse Single 
Meas. Cal. Impulse?} ratio 60 ~ Impulse half 
60 ~ 60 ~ kv mea- 6 max. |Impulse| ratio 6 sine 
kv. |kv.max.| max. sured meas, ky. meas. kilo- 
max. |“”y= 94 values. values. cycles. 
Out cylinder radius, R = 3.08 cm. Inner cylinder, r = 0.635 cm. 
as (hath 8.5 1-16. |O0.02%7 ad 8.5 6 0.127 100 
13.0 13.0 14.9 1.14 |0.253 | 13.0 14.9 1.14 0.253 
15.0 Lb5e3 16.6 ELI HOASO99) £151.10 16.6 Teast 0.309 = 
slg 3(0) 16.8 18.3 1.08 |0°850 | 17.0 ISB} 1.08 0.350 G 
24.0 23.8 24.5 1027) 075359] 2470 24.5 1.02 0.535 . 
29.0 29.0 28.9 1.00 |0.702 | 29.0 28.9 1.00 0.702 = 
34.5 Shiga) 34.5 1.00 |0.863 | 34.5 34.5 1.00 0.863 
39.0 40.3 40.5 T203)" Wi 2002-\ "39" 0) 40.5 1.03 1.002 « 
Outer Cylinder radius, R = 3.08 cm. Inner Cylinder, r = 0.635 cm. 
325 Bee) 8.6 2.46 0.049] 3.5 20.3 5.80 0.049] 900 
9.0 9.8 11.9 iL sil OF165)|9 19.0 25.0 2.78 0.165 € 
14.0 14.1 dive ees 0.280) 14.0 30.5 2.18 0.280 « 
212 PM yak ey 1.07 0.462] 21.3 37 6 Ib Ae 0.462 
26.2 26 3 28.0 1.06 0.604] 26.0 43.5 al ay/ 0.604 * 
32.0 32.2 35.6 1.01 OF A739 320 48.5 152 0.773 a 
39.0 40.3 40.2 1.00 1.00 | 39.0 62.5 1.34 1.00 * 
2. Corona and spark-over practically coincident. 6 = Relative air density. 
3.92 b 
873 bt 


3. Measured 60 ~ corona values were used in determining the impulse ratio. The cal- 
culated values are only approximate as it was difficult to exactly center the 0.635 cm. rod. 


The 60 ~ and impulse spark-over voltages for a wire in a cylin- 
der are shown in Fig. 23. The data are givenin Table X. The 
impulse ratio for spark-over increases with decreasing pressure. 

Spark-over-air density data for needle gaps are given in Table 
XI. It is difficult to get consistent results with needle gaps 
enclosed in a_ tube on account of the corona before spark-over. 
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Spark-over vs. air density curves for sphere gaps are givenin 
Figs. 24 and 25. The impulse curves follow closely the 60 ~ 
curves. The impulse ratio is very nearly unity over a great 
range of 6. Spheres, therefore, within the limit prescribed for 
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Fic. 283—VARIATION OF SPARK-OVER WITH AIR DENSITY; WIRE IN CYLIN- 
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TABLE XI. 
EFFECT OF AIR DENSITY ON TRANSIENT SPARK-OVER BETWEEN 
NEEDLES.! 
Spacing cm, Impulse kv. | 60 ~ kv. Impulse! | Single half sine 
6 max. max. ratio kilocycles 
5 cm 1.00 102.0 54.0 1.89 500 
i 0.85 99.0 53.5 1.85 sr 
~ 0.74 94.5 53.0 1.78 S 
2 0.66 90.0 52.5 1.72 . 
! 0.50 Tar hetss §1.0 1.52 = 
# 0.38 64.2 49.2 Thess ¢ 
Ks 0.27 48.7 48.0 Leos & 
i p.16 33.8 45.0 0.76 « 
“a 0.05 14.2 —_ s 
3 cm 0.16 15.8 22.2 ORL 500 
= 0.44 35.0 30:5 ib dues 3 
2 0.64 43.7 32.5 1.34 & 
= 0.74 48.0 33.5 1.43 se 
2 0.79 50.0 33.8 1.48 « 
. 1.00 54.0 34.0 1.58 s 


Tests made in glass tube. 
1. These results are quite erratic, probably due to the effect of the brushes playing on 
the enclosing walls of the glass cylinder. For this reason accuracy is not claimed. 


testing may be used to measure transient voltages over a wide 
a and 6 range without correction to the 60 ~ curve. It is 
10. For method of obtaining low air density see ‘‘ Effect of Altitude 


on the Spark-over of Leads, Insulators and Bushings.”’ F. W. Peek, Ate 
A. I. E. E.yTrans.,. 1914, 
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probable that the expression for apparent strength of air around 
spheres should be modified for transient voltages as follows: 


é, 0.54 
= ed(1+ 7 —\o(«) (Aa) 
6R ¢d (a) 
= ms 
609 2.5/5 
Z 20 : 
a |} 
50515 q 
a *+~.1Impulse Ratio 
210 ¥ S95=55= 5 a ee ee 
= 40 = 
3 ane 
2 900 Ke. Single Sine Wave 
3 30 [ 
(2) 
= | 
20 es 
ile ‘z= “fe ee 
10 
an 
0) 0.2 0.4 0.6 0.8 come 
: é 
Fic. 24—SPARK-OVER OF 2.54-cM. SPHERES AT Low AIR DENSITIES— 
SPACING | —" 9 le2/e CM. 


@ (a) has, however, no appreciable effect over the practical 
testing range. 

The variation of the spark-over voltage of insulators with air 
density is shown in Figs. 26, 27 and 28. For a smooth insulator 


140 
tel 
, 0 Impulse Test (200 Ke. 
pray 
3 . 11 ASE Firs 60 Cycle Test — 
= 10010 = = (lei 
a Po ‘Umpulse Ratio 
= 0.9 
g 
Si 80 —— IS. 
= 
st fea 
0 0.2 1.0 1.2 


0.4 0.6 0.8 

& RELATIVE DENSITY 

Fic. 25—S1xty-CycLE AND IMPULSE ARC-OVER AT Low AIR DENSITIES 
12.5-cm. SPHERES—GAP = 7.6 CM. 


(Fig. 26) the impulse ratio is very nearly unity and does not 
change over the practicalrange. For insulators with petticoats 
and corrugations, the impulse ratio is high and increases with 
decreasing air density. 
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From a consideration of the above data it is seen that the 
transient spark-over impulse ratio does not change greatly with 
air density, where the field is fairly uniform so that corona does 
not precede spark-over. Where the field is such that it is neces- 
sary for corona to form in the path of the arc, the impulse ratio 
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Ys Impulse Ratio 
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80 jaa 


KILOVOLTS ARCOVER 


-T 60 Cycle Test 


60 


0 0.2 1.0 12 


0.4 0.6 0.8 
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Fic. 26—S1xTy-CycLe AND IMPULSE ARC-OVER AT Low AIR DENSITIES 


becomes considerably higher at low air densities than it is at 
high air densities. The corona impulse ratio increases with 
decreasing air density; for large wires it is only appreciable for 
small values of 6; it may be considerable for small wires. The 
difference between the 60 ~ and impulse spark-over and corona 


(eee Test (200 Ke.) _] 


60 Cycle T 


KILOVOLTS ARCOVER 


ati ac 
Impulse Ratio > 


\ 0.6 j 1.0 
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Fic, 27—Sixty-CycLE AND IMPULSE ARC-OVER AT Low AIR DENSITIES” 


voltages always increases with decreasing time of application. 

The density tests shown in Figs. 22, 23 and 24, were made in 
glass tubes. The tubes were “aired out” after each test. 
It did not, however, seem to make any considerable difference 
whether or not this was done. At lower air densities this may 
make considerable difference, as the initial ionization may then 
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become a large percentage of ionic saturation. The chance of 
ions getting between the electrodes also depends upon the initial 
ionization. The tests shown in Figs. 25, 26, 27 and 28 were 
made in a large wooden cask. 


IMPULSE SURFACE SPARK-OVER—IMPULSE SPARK-OVER OF 
INSULATORS 


If a dielectric, such as glass or porcelain, is placed between 
electrodes, arcs due to impulse voltages generally follow the 
surface. For smooth. dielectrics the impulse ratio is nearly 
unity, even when the surface is fairly long and the fields not uni- 
form. This is illustrated in a practical way in Fig. 26. 

Where the surface has corrugations, petticoats, etc., the arc, 
generally, still follows the surface. The impulse ratio is, how- 
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ever, higher, that is, greater time is required to cause spark over. 
See Figs. 27 and 28. For the insulator shown in Fig. 28 the 
impulse ratio at 6 = 1 (sea level) is 1.44. The 60 ~ spark-over 
voltage is 100 kv.; the impulse spark-over voltage is 144 kv. 
At 6 = 0.8 (6000 ft. elevation) the impulse ratio is 1.75. 

The time of spark increases when the field is such that corona 
must form in the path of the arc and when the length of surface 
is increased by corrugation. 

As would be expected, the spark-over voltage of a given insu- 
lator varies with the polarity of the cap or pin. The test made 
on a pin type insulator and given in Table XII illustrates this. 

Note that the 1/10 spark-over voltage corresponds to the (+) 
spark-over, and the 10/10 to the (—) spark-over. This would be 
expected. Impulse spark-over generally takes place at the 
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lowest voltage, or in the shortest time, when the electrode 
which is surrounded by the densest field is (+). In the above 
case, the porcelain is subjected to greater stress when the cap 


is (—). 


TABLE XII. 
EFFECT OF POLARITY ON INSULATOR SPARK-OVERS. 
200 ke, 
60 ~ Impulse spark-over kv. Impulse spark-over kv. 
spark-over kv. varying polarity predetermined polarity. 
max. max, : max. 
Cap + Cap — 
98 1 spark over in 108 108 130 
10 impulses . 
10 spark overs in 134 


10 impulses | 


When a surface is placed between electrodes in a uniform field, 
or along a line of force, the 60 ~ spark-over voltage is lowered 
by true surface leakage. This is not generally the case with 
impulse voltages. The impulse spark-over voltage of an insula- 
tor is often not greatly changed by rain, although the wet 60 ~ 


TABLE XIII. 
IMPULSE SPARK-OVER OF SUSPENSION INSULATORS WET AND DRY. 
60 ~ arc-over 100 kc. impulse 500 ke. impulse 
Ins. Type 
No. (max.) arc-over arc-over 
Dry Wet Dry Wet Dry Wet 
A | Two piece sus-| 112 72 118 114 165 162 
pension with pet- 
ticoats. 
B Two piece sus- 116 70 128 125 172 168 
pension with pet- 
ticoats. 


spark-over voltage may be 60 per cent of the dry spark-over 
voltage. See Table XIII. 
SMALL SPACINGS OR AIR FILMS 


At spacings smaller than the energy distance the apparent 
strength of air increases. For sphere gaps this apparent increase 
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in the strength of air starts when the spacing is less than 0.54 
VRcm" The apparent strength of air at small spacings also 
increases for transient voltages; the increase, however, seems to 
be at a greater rate, as shown in Fig. 29, by the more rapid rise 
in the gradient with decreasing spacing. Data are given in Table 
XIV. The apparent strengths at 60 ~ and for impulses are 
represented by the corresponding tabulated gradients. These 
are the maximum gradients at the surface of the spheres. 
The impulse ratio is also tabulated. The low impulse voltages 
were obtained by connecting the gap across only part of the 
resistance. The results should be fairly accurate. 


GRADIENT KV,/CM. (MAX.) 


0 0.4 0.8 2.0 2.4 2.8 


1.2 1.6 

SPACING-CM. 

Fic. 29—StTRENGTH oF AIR FILMS—BETWEEN 6.25 cM. DIAMETER 
SPHERES; 6 = 1 


EFFECT OF TRANSIENT VOLTAGES ON OIL 


It has been shown that for continuously applied voltages the 
mechanism of break-down in oil is very similar to that of air, 
and similar laws are obeyed.’ Greater energy is required, how- 


11. F. W. Peek, Jr.,—Law of Corona III., A. I. E. E. Trans., 1913. 

12. F. W. Peek, Jr.,—High Voltage Engineering, Journal, Franklin 
Institute—December, 1914. 

F. W. Peek, Jr.,—‘‘ Dielectric Phenomena in High Voltage Engineer- 
ing ’’ Chapter 6, page 163. 

F. W. Peek, Jr.,—Law of Spark-over and “Corona” in Oil. General 
Electric Review—August, 1915. 
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ever, to rupture oil than air. There should, therefore, be a 
comparatively greater difference between the continuously 
applied and impulse voltages, that is, the impulse ratios should 
be higher than for air. 


IMPULSE RaTIOS IN OIL 


In Table XV are 60 ~ and impulse spark-over voltages for 
disks, needles and spheres. In part of these tests the wave was 
only approximately known; on account of the high voltages 
necessary it was outside of the limits of the apparatus. It was 


TABLE XIV. 
TRANSIENT SPARK-OVER VOLTAGES AT SMALL SPACINGS. 


(Between 6.25 cm. diameter spheres. 6 = 1.) 


60 ~ 100 ke. impulse 900 kc. impulse 

Spark-over 

Spacing Volts Gradient Gradient Gradient 
cm. max, max. Volts. | kv. per |Impulse} Volts kv. per | Impulse 

kv. kv.percm. kv. cm. ratio kv. cm. ratio 
0.0025 0.50 196 0.78 305.0 aly 5 0.81 325.0 1.64 
0.0051 0.73 143 1.23 242.0 1.69 1.10 216.0 15k 
0.0076 |* 0.90 118 1.70 212.0 1.80 1.78 235 0 1.98 
0.0102 1.07 105 Pap ilel 207.0 1.98 2.18 215.0 2.04 
0.0127 i Nee 74 92 2.44 192.0 2.08 2.55 200.0 2.18 
0.025 1.52 60 4.50 178.0 2.95 5.00 198.0 3.04 
0.051 2.62 52 G15 122.0 Peg) 8.50 168.0 3/25 
0.102 4.62 46 8.75 87.0 1.90 12.80 126.0 Past i 
0.25 9.77 40 14.90 61.0 a Deis? 21.50 84.1 2.20 
On 51 iad 36 22.50 46.0. 1.28 28.50 56.0 1.63 
1.27 39.20 35 42.00 37.0 1.06 47.00 37.0 1720 
1.90 57.50 35 57.50 35.0 1.00 62.50 36.0 1.09 
2.54 88.50 35 88.50 35.0 1.00 90.00 35.0 1.02 


Accuracy of impulse voltages best above 5 kv. 


approximately equivalent to a half cycle of a 230-kc. wave. 
Betweer disks 0.5 cm. apart the impulse ratio is 3, whereas in 
air it is very nearly unity for the same spacing. Between needles 
at 4-cm. spacing, the impulse ratio is 3. For the same spacing 
and same impulse in air it is 1.25, that is, the voltage rise in oil 
is 200 per cent, in air 25 per cent. It will be noted that there 
is a considerable increase in voltage, or a high impulse ratio, for 
spheres. For sphere gaps in air the impulse ratio increases when 
the spacing is less than 0.54 VR cm.; the increase is quite rapid 
when the spacing is less than 0.27 VR cm. In oil the “ energy 
distance ” or rupturing distance is 2 VR cm, A considerable 
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increase should, therefore, be expected in oil when the spacing 
is limited to less than 4:VR cm. as was the case in this test. 
It is probable that the impulse ratio is quite appreciable for 


TABLE XV. 
IMPULSE AND 60 ~ BREAKDOWN VOLTAGES IN OIL. 


. Impulse ratio 
Spacing 60 ~ Impulse Tmpulse same spacing if 
cm. ky. max. kv. max. ratio oil in air. 


Between disks 2.5 cm. diameter 
0.5 PP eo LO © [Seow .. |Approx. 230 ke. 


Between Needles. 


1 50 103 2.00 ae 

2 69 157 2.20 1.20 Approx, 230 ke. 
3 89 233 2.60 1.21 

4 108 321 3.00 1.25 


2.54-cm. Spheres—Small Spacings. 
Spacing less than 4 vy R.) 


0.25 70 160 2.30 50 

0.50 100 245 2.45 #6 Approx. 230 ke. 
0.70 115 270 2.35 5 

1.00 140 285 2.05 


TABLE XV—Continued 
IMPULSE AND 60 ~ BREAKDOWN VOLTAGES IN OIL. 
Between 2/0 Needles. 


Needle 60 ~ spark-over Impulse Impulse fh 

spacing cm, kv. (max.) ky. ratio 

0.32 28.0 36.5 1.30 100 ke. 

0.64 40.0 70.0 Us (single half sine 

1.2% 63.0 128.5 2.04 wave.) 

1.70 74.0 175.0 PARSE 

2.00 81.0 

3.00 104.0 

0.20 20.0 36.0 1.80 500 ke. 

0.32 28.0 64.0 2.30 (single 

0.42 31.5 92.0 2.92 half sine 

0.56 37.0 1205 3.29 (wave.) 


sphere gaps in oil even when the spacing is not limited. 
Results are also given, at somewhat lower voltages, where the 
waves are accurately known. See Fig.30. Higher breakdown 
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voltages for impulses result partly because moisture particles 
do not have time to line up. 


COMPARISON OF THE Errects oF HicH FREQUENCY, 60 ~ 
AND IMPULSE VOLTAGES 


It is interesting to compare the effect on oil for continuously 
applied voltage (60~), high frequency voltage from an alternator, 
high-frequency oscillatory voltages, and single impulse voltages. 
Such a comparison is givenin Table XVI. These data show how 
necessary it is to state the kind of “‘ high frequency.” There is 
not a great difference in the breakdown voltage for the single 
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impulse Ratio (500 Ke, ) eee 
Z alle 
ae 0 Fagie|o a st 
Ee : i 
z ae ee = 
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3 (500 Ke.) Seal 
g 
= 120 
80 
Sparkover (60-~~)— b 
40 yy 
J eal Eee In| 
i bts 
0 0.4 0 2.0 24 


0.8 12 1/6 

GAP SETTING-CM. 

Fic. 30—TRANSIENT SPARK-OVER OF 2/0 NEEDLES IN No.6 TRANSIL 
OIL; TEMPERATURE 25 DEG. CENT. 


impulse, and for the damped oscillation with wave trains follow- 

ing one another at the rate of 120 per second. The breakdown 

voltage for continuously applied high frequency from an alter- 

nator is much lower than the 60 ~ breakdown voltage. Here the 

effect of each half-cycle is cumulative, and there is great local 
* heating. 


EFFECT OF TRANSIENT VOLTAGES ON SOLID INSULATION 


STRENGTH vs. TIME OF APPLICATION 


In air and oil there is very little loss for continuously applied 
direct current or 60 ~ alternating current, until the gradient 
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is somewhere high enough to cause a local breakdown in the 
form of corona or brushes. As heating due to losses is not an 
important factor the 60 ~ (max.) and d-c. breakdown voltages 
are practically thesame. For air, even at fairly high frequencies, 
the breakdown voltage is not appreciably changed if the elec- 
trodes are smooth." There is appreciable loss in solid insulation 
as soon as voltage is applied. Heating decreases the dielectric 
strength. A considerable part of the voltage-time curve is thus 
greatly affected by heating, especially at high frequency. 

The data in Table XVII give an example of a voltage-time 
curve. See Fig. 31. The values from “ infinite ”’ time to 1/100 
second were obtained at 60 ~. The data for the smaller values 
of time were obtained by impulse. It is probable that heating 


TABLE XVI. 


COMPARATIVE STRENGTH OF OIL FOR HIGH-FREQUENCY, IMPULSE, 
OSCILLATORY, AND 60-CYCLE VOLTAGES 


(Transil oil between flat disk terminals, square edges. 2.5 cm. diameter 
dia.; 0.25 cm. space.) 


Break-down Gradients. 


Single impulse sine | Damped oscillations | High-frequency al- 
shape corresponding | train frequency 120 | ternator 90 kilo- 
to 200 kilocycles. per second. Fre- cycles. 
kv. percm.max. | quency 200 kilocycles| kv. per cm. max. 
kv. per cm, max. 


60 cycle kv. per cm. 
max. 


170 390 300 67. 


is not an appreciable factor for values of time less than 60 seconds, 
on the 60 ~ test. 

The general law (14) is followed by. all solid insulations for 
low-frequency sine wave voltages and time of application from 
o time to about 1/100 of a second. When voltages are ap- 
plied for shorter time, by impulse, the apparent strength does 
not increase as rapidly with decreasing time, as equation (14) 
and Fig. 31 indicate. The small time limit depends upon the 
insulation. This seems to be due to the shattering effect of 
high over-voltages. When very high impulse voltages are 
applied, for instance, to porcelain tubes, these tubes may be 
completely shattered. Equation (14) is, however, useful in 
design at low frequencies over the above range. It should be 


13. For a more complete discussion see, F. W. Peek, Jr.,—Dielectric 
Phenomena in High Voltage Engineering. Chapters III, 1V, VI and VII, 
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noted that T in seconds times frequency is a count of the num- 
ber of cycles that the voltage is applied. 


a ' 
Hige( —y= } kv. per cm. max mum. (14) 
ros ( + WF ) : 


Where g = rupturing gradient. 
g» = constant for the insulation = breakdown gradient 
for time. 
a = constant of insulation. 
T = time in micro-seconds. 
Both g, and a vary with the material, thickness tem- 
perature, etc.4 


I 


TABLE XVII.° 
STRENGTH vs. TIME OF APPLICATION. 
s 

Time Maximum Maximum 
sec. Micro-seconds kilovolt puncture, &v kv. per cm. 
& oo 32.8 155 

60 60 000 000 Stee 180 
1 1 000 000 49.3 235 
0.1 100 000 61.0 290 
0.01 10 000 85.0 405 
0.001 1 000 113.0 540 
0.0001 100 196* 935* 
0.00001 10 310* 1480* 


14 layers of impregnated paper between concentric cylinders. R = 0.67 cm.,r = 
0.36 cm. 
- e 
ae r lo Be 
& = 


*Calculated. 


For the insulation given in Table XVII, 
2, = 155 
a= 15.8 


EFFECT OF TRANSIENT, HIGH-FREQUENCY AND 60-CycLE 
VOLTAGES 
There is a greater difference in the breakdown voltages of 
solid insulations under different conditions, than for oil and air. 
This is so because of the high losses, etc., in solid insulation.!® 


14. For a more complete discussion see, F. W. Peek, Jr.,—‘‘ Dielectric 
Phenomena in High Voltage Engineering.”’ Chapter VII, 
15. zbid. 
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This difference is illustrated in Table XVIII. The impulse 
ratio for solid insulations seems to be of the same order as for 
oil, but in general slightly higher. The ‘“ one-minute” 60 ~ 
test is used to obtain the impulse ratios in Table XVIII. The 
importance of specifying the sort of “high frequency” and meth- 
od in making tests is obvious. 


CUMULATIVE EFFECT OF OVER-VOLTAGES OF STEEP WAVE FRONT 


If impulse voltages higher than the continuously applied break- 
down voltages are applied to oil and air, local ruptures which do 


For values of time greater than 0.01 Sec. tests made 
120}~ at 60-. For Shorter times,-by Impulse. | 


_ Points measured values 
ke Curve calculated from 


-32.8(1+ 228) Kv. Max. 
(+ er ) if rs 


ee 


0 0.4 2:0 x 106 


0.8 1.2 1.6 
TIME MICRO-SECONDS 


| 


= 
Plotted logarithmically to obtain eqation 
4 ee = 


log e(E-32.8) 
50 Micro-See. = 
135 Micro-See. >; 


=1680 «108 Micro-Sée.| 


33000 Micro-See, 


24 


oO 
SS 


mols 
8 12 16 
log, TIME MICRO-SECONDS 


Fic. 31—PuUNCTURE VOLTAGE vs. TIME 


14 layers of impregnated paper between concentric cylinders. R = 0.67 cm.;r = 0.36 cm. 


not result in breakdown may take place. The local breakdown 
is automatically repaired by an inflow of new oil or air; the effects 
of the impulses are not cumulative unless they follow one another 
in succession at a very rapid rate, as high frequency from an al- 
ternator, or oscillations with high wave train frequency. 

Voltages greatly in excess of the 60 ~ puncture voltage may 
also be applied to solid insulation without complete rupture if 
the time of application is of sufficiently short duration. Such 
voltages injure the insulation by local shattering, cracking or 
tearing. Each additional impulse adds to this. For a very 
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high over-voltage such materials as porcelain may be badly 
shattered by a single impulse. A sufficient number will cause 


breakdown; the effect is cumulative even if the time intervals 


TABLE XVIII. 


COMPARATIVE INSULATION STRENGTH FOR HIGH-FREQUENCY, IMPULSE, 
OSCILLATION AND 60-CYCLE VOLTAGES. 


Temperature 30 deg. cent. 


Damped oscilla- | Single impulse 
High frequency |tion. Train freq. | sineshape, cor-| Imp. | Thick 
60 cycles. (alternator) 120 sec. responding to | ratio | ness | Lay- 
90,000 cycles. 200,000 cycles. | half cycle of cm, ers. 
200,000 cy. 
kv. per cm. kv. per cm. kv. per cm. = ky. per cm. 
(max.) (max.) (max.) (max.) 
Rapid- Rapidly Rapidly 
ly ap- | 1 min.|applied.|1 min. | applied | 1 min. 
plied. 
Transil Oil between Flat Terminals—Square Edge. 
2.5 cm. diameter—0,25 cm. space. 
170 67. | 300 | 390 2.10) 0.25) 
Oiled Pressboard. 
10 cm. diameter Square Edge Disks in Oil. 
355.0} 310. 95.0 72.0 | 370. 290. 720 De | 0.25) 1 
395.0| 370. | 61.0 | 41.0] 420. | 240. eee | 0.50] 2 
25.0 | 17.60 | | 1.50] 3 
Varnished Cloth. 
10 cm. diameter Square Edge Disks in Oil. 
| 
530. | 465.0} 195.0 | 176.0 Ae 1080. 2.26) 0.06] 2 
420. | 310.0} 1385.0 | 100.0 550 560 780. 2.00) O15) 5 
420. 310.0} 100.0 (320 490 410 700. 2.25) 0.25! 8 
330. 275.0 410 805 600. 2.20) 0.36) 12 


“Rapidly applied " voltage brought to puncture value in a few seconds. 


between applications are very great. For continuously ap- 
plied high frequency or high train frequency, the high loss 
masks all other effects and causes low-voltage breakdown. 
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One example of the cumulative effect of impulses with long time 
intervals between applications is given in Table XIX. If the 
impulses are of still shorter duration a greater number are re- 
quired to cause break-down at a given voltage. Insulations 
and line insulators are often gradually destroyed in this way. 


TABLE XIX. 


CUMULATIVE EFFECT OF OVER-VOLTAGES OF STEEP WAVE FRONT 
VOLTAGES ON SOLID INSULATIONS. 


(Oiled pressboard 0.32 em. thick between parallel plates; 100 kc. sine impuise.) 


Ky. maximum of Number to cause 
applied impulse. breakdown. 
100 : i) 
140 100 
150 16 
155 2 
165 1 


Rapidly applied break-down at 60 ~ 100 kv. max. 


Ifa very high voltage is applied, for instance, to a line insula- 
tor the number of applications to cause breakdown will depend 
upon the nature of the spark-over path through the air, and the 
shapes of the caps and pin. To imitate this place a piece of oil 
pressboard between flat disks and find the number of high-voltage 
impulses to cause puncture when the 
To Impulse Generator electrodes are shunted, (1) by a needle 
air gap, (2) by a sphere air gap, set at 
the same 60 ~ voltages. See Fig. 32. 
These data show in a striking way the 
relatively small lag of the sphere. When 
the electrodes were shunted by a sphere, 
break-down did not take place in 300 
applications; when shunted by points 
with the same 60 ~ setting as the 

Le er spheres, breakdown occurred on a single 
Fic. 32 application. 


SOME PRACTICAL ILLUSTRATIONS 


In practise, lightning often discharges across a large spacing 
between busbars, line insulators, etc., in preference to gaps which 
have a much lower 60 ~ setting. The reason for this is now 
apparent. As an example, a flat busbar has a 60 ~ spark-over 
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voltage of 100 kv., while a point gap, shunting it, has a 60 ~ 
spark-over voltage of 50 kv. If the 60 ~ voltage is gradually 
increased to 50 kv. a spark-over will take place across the points. 
If, however, lightning causes the voltage to increase along a 
wave equivalent to a single half-cycle of a 900-kc. wave with a 
120-kv. maximum voltage, spark-over will occur across the bus- 
bars. This can be seen by reference to Fig. 10 or by calculation 
from equation (8). The point gap impulse spark-over voltage, 
for a 60 ~ setting of 50 kv., is 127 kv. The field is approxi- 
mately uniform around the busbars, and the spark-over voltage 
remains at approximately 100 kv. The points must be subjected 
to the voltage during the time that it increases from 50 
kv., to 127 kv. The points are “slow.” Thus, the 60 ~ spark- 
over voltage does not in general indicate the transient spark- 


TABLE XX. 
CUMULATIVE EFFECT OF IMPULSES. 


Insulation between electrodes and shunted by gap, as in Fig. 32. Approx. 230 ke. impulse. 
Pressboard 0.32 cm. thick. 60 ~ puncture voltage 100 ky. max. Single impulse puncture 
voltage 140 kv. max. 
Shunt across Impulse applied 60 ~ setting of Number of impulses 
electrodes. max. ky. shunt gap (max.) to puncture. 
Norshtiits:, -fas.7 3 e 
No spark-over...... } pe oe ? 
Blunt points *?. 2.224 350 120 1 
Sphéresss)..6 2ach.d. 13 350 120 300 no puncture 


over. Two gaps may be set at widely different 60 ~ voltages. 
A transient voltage high enough to spark over either gap will 
select the one set at the highest voltage if that gap requires the 
least time under the circumstances. 

Lightning travels along a transmission line at the rate of 3108 
meters per second. Thus a wave one kilometer in length passes 
a given point in 3.310-® seconds or in 3.3 micre-seconds. By 
referring to Fig. 12 it can be seen that a wave of the above length 
might easily pass by a needle gap before discharge could take 
place. An insulator similar to the one shown in Fig. 26 would 
readily spark over if the voltage were high enough. Corona would 
also form on the transmission line due to this wave and would 
help dissipate it to some extent. Damage might be done to line 
insulators as illustrated in Tables XIX and XX. , 

Various other practical applications of these data may be made. 
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THE GENERAL LAWS OF BREAKDOWN OF DIELECTRICS 
BY TRANSIENT VOLTAGES 


AIR AND OTHER GASEOUS DIELECTRICS 


Energy is required to rupture dielectrics; this introduces a 
time lag. Thus, on account of this time lag, when voltage is 
applied at a very rapid rate, as by an impulse, spark-over does 
not occur when the continuously applied breakdown voltage is 
reached. The voltage ‘‘ overshoots ”’ this value during the time 
rupture is taking place. This excess, or rise, in voltage is greater 
the greater the rate of application. 

If the voltage between electrodes is increased very gradually, 
never appreciably exceeding the minimum breakdown voltage, 
a very long time may elapse before breakdown occurs. If the 
field is fairly uniform a slight change in the conditions as initial 
ionization, or very small increase in voltage, may reduce this 
time from “infinite ’’? to small finite time. The rise in voltage 
is not generally measurable for continuously applied voltages and 
the lag is, therefore, not noticed. The energy to rupture and, 
therefore, the required voltage rise and time depend upon the 
nature of the dielectric, the dielectric field, the shape and spacing 
of the electrodes, initial ionization, the rate at which the voltage 
is applied, etc., as follows: (For formulas see text above.) 

1. If animpulse voltage rising at a given definite rate is applied 
between two electrodes spark-over will not take place when this 
voltage reaches the minimum continuously applied break-down 
voltage, but a finite time later. During this time the voltage 
has risen to some higher value before spark-over occurs. The 
ratio of the impulse spark-over voltage to the continuously ap- 
plied spark-over voltage is termed the ‘‘ impulse ratio ”’; the time 
interval between these voltages has been termed the “‘ lag.” 

2. For a given rate of increase of voltage the rise above the 
continuously applied and, therefore, the impulse ratio and lag, 
is greater, the greater the non-uniformity of the field around the 
electrodes. For greatly non-uniform fields corona must always 
form in a space around the electrodes before spark-over can take 
place; energy must be expended in ionizing this space before the 
spark starts. For uniform and fairly uniform fields spark-over 
takes place without preliminary corona formation. For elec- 
trodes in general, non-uniformity of the field increases with the 
spacing. Impulse ratio and lag, therefore, also increase with in- 
creasing spacing. In illustration of the above: for a given steep 
wave the lag of a needle gap may be so great that double the 
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continuously applied voltage is reached before spark-over occurs ; 
the lag of a sphere is comparatively so small that the rise in volt- 
age may be only one or two per cent. 

3. For a given gap the rise, or excess, in the impulse spark- 
over voltage above the continuously applied voltage increases 
with the rate of application of the voltage. For the steeper 
wave fronts the breakdown voltages are higher, but the time 
lag is less; less time is required to cause breakdown at the higher 
average voltages. If the impulse is not steep the voltage rise 
is not great, but the lag may be comparatively long. The lag 
and voltage rise for a given gap are thus not constant but are depend- 
ent upon the rate of application of voltage; breakdown is a matter 
of energy. If the rate of increase of voltage is great enough spark- 
over tends to be governed by linear spacing. 

4. Corona is essentially spark-over from a conductor to space 
through the energy distance. (0.3V7 cm. for wire.) The lag 
of corona for impulse is thus small for large wires and in the order 
‘ of that of sphere spark-over; for small wires, on account of the 
great non-uniformity of the field, the corona lag becomes ap- 
preciable and apparent by a rise in the impulse critical voltage. 

5. Whether the degree of initial ionization in general measur- 
ably changes the rise in the impulse spark-over voltage over 
the continuously applied spark-over voltage for a given pair of 
electrodes seems to depend, to a great extent, upon whether 
the corona lag is measurable or apparent by a rise in voltage. 
Usually the corona lag is not measurable or appreciable com- 
pared to the lag of the final spark-over. Corona once formed 
supplies the initial ‘‘ ionization ”’ for the final spark. The effect 
of initial ionization is then generally not great, but may be so 
under certain conditions. 

6. Impulse spark-over and corona voltages decrease with de- 
creasing air desnity. The impulse ratio, however, increases 
with decreasing air density. It is probable that at very low 
air densities very high voltages are required to cause spark-over,. 

7. For dissimilar electrodes impulse spark-over takes place 
at the lowest voltage when the electrode in the densest field 
is positive. Corona appears to start at the lowest voltage on 
a small wire when the wire is negative. For uniform and fairly 
uniform fields a difference between + and — rupturing volt- 
ages cannot be detected. 

8. When the spacing is less than the energy distance, 0.54W R 
cm. for spheres) the lag increases. 
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9. The lag for spark-over on smooth dielectric surfaces is 
very small, but becomes greater as corrugations are added. 
The transient spark-over voltage is less affected by true surface 
“leakage ” than the 60 ~ spark-over voltage. 


O1L AND Ligurip INSULATIONS 
The transient breakdown voltages for oil follow much the 
same laws given above for air. The energy and, therefore, the 
impulse ratio and lag are much larger for gaps in oil. The 
impulse ratio and lag are quite large for spheres. As the energy 
distance for spheres in oil is 4W R, considerable lag is caused in 
this way even at fairly large spacings. For formulas see text. 


SOLID DIELECTRICS 
1. Solid dielectrics require energy, and therefore, finite time 
for breakdown as do oil and air. The impulse ratio is generally 
highest for solid dielectrics. 
2. The effect of over-voltages on solid insulations is cumula- 
tive. For formulas see text. 
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DISCUSSION ON “ THE ErrectT oF TRANSIENT VOLTAGES ON 
Dievectrics’”’ (PEEK), SAN Francisco, Cat., Sept. 16, 
1915. 


J. C. Clark: Prof. Harris J. Ryan has recently performed 
an experiment which, in a qualitative way, strikingly illustrates 
the principle of the energy timelag brought out in this recent 
work of Mr. Peek’s. Referring to Fig. 1, H is a large helix 
carrying 8-10 amperes at a frequency of 90,000 cycles per second. 
The oscillatory circuit LC is mounted so that its inductance 

L is coupled inductively with H, and 


= | k a needle gap G is connected across 


the circuit LC. Cis a moving plate 


condenser capable of smooth adjust- 
a ment, so that, by turning it to a 
proper position, the circuit LC will 


Fic. 1 be tuned: to the frequency of H. 
: It is found that when Cis turned by 
hand moderately fast from one end of its range to the other, 
no discharge whatever will take place at G; but that, by mov- 
ing C quite slowly through its range, G will discharge at the 
position of C corresponding to tuning for circuit LC. 

E. E. F. Creighton: We have all of us known for a long time 
of the dielectric spark lag, and in some few cases we have had 
fairly definite ideas of its value. All those who have operated 
transmission lines have seen lightning discharges go by a gap, 
into the apparatus and cause harm. Ina great many of these 
cases the trouble has been due to the dielectric spark lag. If 
it were a single impulse in the lightning stroke one could 
be quite sure the fault was dielectric spark lag. If on the 
other hand there was a wave train, then there is another 
phenomenon entering, not only the spark lag of the gap, 
but also the possibility of the wave train forming a resonance 
internally in the apparatus and thereby causing a localizing 
of the energy of the surge. The wave train may consist 
of a dozen gradually decreasing cycles, and may pass by the 
lightning arrester gap without sparking over it. But when all 
these dozen cycles are concentrated in local oscillation in a coil 
of the apparatus, either transformer or generator, then the 
voltage will rise to very much greater value. 

In vacuum lightning arrester work we have had many illus- 
trations of one of the factors brought out here by Mr. Peek, 
namely, the initial ionization. The vacuum lightning arrester 
requires a voltage of from 280 volts to anything higher, usually 
not above 600 volts, to cause this spark to pass. We have had 
great trouble in comparing one arrester with another, on ac- 
count of the variations in spark voltage. We finally came to the 
conclusion, borne out by a great many experiments, that the 
difference in spark voltage was due, not to the formation of 
corona or anything of that kind, but simply to the fact that 
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there was not an ion in the field. We would have sometimes 
to wait from two to even fifteen or twenty seconds for one of 
these little ions to float around into the gap, and get the im- 
pulse from the potential and strike an adjacent molecule and 
thereby break up more ions, and in that way reach the condition 
of saturation. 

Percy H. Thomas: It is interesting to observe that the 
spark-over voltage on the insulators at very high frequency 
seems to be about the same for wet anddry conditions. Do 
I understand that correctly? 

F. W. Peek, Jr.: Yes. 

Percy H. Thomas: That has a pretty practical bearing on 
transmission line work, because the breakdown voltage or the 
flash-over voltage of the line insulator is determined, not so 
much with regard to the line voltage, as to lightning or tran- 
sient voltages. So if under those conditions, the moist con- 
dition does not lessen the discharge voltage, that will jbé a fact 
to bear in mind in making a judgment on the relative value 
of different line insulators. 

The first question that occurs to your mind in looking at 
these results from a scientific point of view, is always that 
question as to what the voltage, at the spark gap or on the’ 
actual material between the terminals, as distinguished from the 
total generated voltage, is during these very high frequencies. 
If I understand Mr. Peek’s experiments correctly, this is de- 
termined primarily by calculation. Is that correct, Mr. Peek? 

F. W. Peek, Jr.: Yes. The calculated voltages, however, 
agree with sphere gap measurements. 

Percy H. Thomas: I understand that you calculate the 
natural frequency of the oscillating circuit and take into ac- 
count the resistance, inductance and capacitance, and thus get 
the wave front, and from these you get at the voltage. You 
recognize certain errors of one-half per cent, no doubt due to 
lack of knowledge of the exact constants. Do you consider 
the skin effect in the conductors? That presumably is negligible. 

Is it possible to make measurement of this potential by 
placing some suitable device in the electrostatic field, be 
tween the discharge points, or at some other convenient 
points, and get a direct measure of the field intensity? This 
would be getting at the voltage from the other end, but would 
eliminate many of the possible errors of the calculation 
method. 

Considering the subject more broadly, it is apparently pos- 
sible to ionize air at enormously high frequencies. Ionization 
by lightning and ionization by X-rays represents the separation 
of electrons from molecules or atoms by an alternating electro- 
magnetic force, which has a frequency many thousands of 
times as great as any employed in these experiments. Why 
should not the time lag discussed in this paper have a very 
serious effect and prevent all ionization? Perhaps it does 
have an important part. 
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The production of frequencies higher than one million cycles 
per second requires a pretty small physical circuit, at least 
such frequencies are ordinarily produced through a small 
physical circuit, and I ask Mr. Peek if he will give ‘an idea, 
offhand, as to about how large in feet or meters, or inches, the 
apparatus he used was, so as to give us an idea whether in 
actual service, in a large transmission line, there is a possibility 
of getting frequencies higher than one million cycles per second, 
and whether the presence of the line conductors and other 
things would limit the possible high frequencies, and also 
whether there would be energy enough to be serious. 

One more question. Is it not possible to calculate the poten- 
tial energy introduced into a given volume of air when a certain 
amount of ionization is produced? If that can be calculated 
it would be interesting to check one of these needle point gaps 
and take into consideration the amount of air which may be 
affected by the discharge, and see how much energy it would 
take, and compare that with the energy which flows through 
the circuit in a millionth part of a second, or whatever time 
is used, to see if these are of the same order of magnitude. 

There is one other factor which perhaps ought to be spoken 
‘ of in connection with the effect of a very high frequency in 
its relation to the amount of energy that can be supplied to 
the air gap, and that is this: Very few types of apparatus 
other than sphere gaps and perhaps needle gaps are so arranged 
that the voltage will always be distributed in the same manner 
between the terminals; take, for example, a suspension insu- 
lator, which has petticoats, the opposite sides of the petticoat 
constitute a certain amount of capacity, and the surface has 
an uncertain amount of leakage resistance. The distribution 
of potential over the insulators will therefore be different, 
according to how rapidly voltage is applied. If you apply a 
d-c. voltage and leave it on the insulator for some time, there 
is a certain distribution of voltage, certain parts will have one 
potential, relative to the terminal, and certain other parts will 
have another potential. If, however, you put a very rapidly 
changing voltage upon the same insulator, the different parts 
may not have the same relative voltage, so that there will be 
a greater or a less tendency to break down locally, which may 
mean, break-down over the whole insulator. 

It seems to me this change of the distribution of potential 
over the insulator, is a thing which must confuse any effect 
of the measure of time lag, strictly considered. 

In considering the protective power of the sphere gap or a 
needle-point on neighboring insulation, Mr. Peek has said that 
in the case of the needle-point gap, it requires twice as high a 
voltage to break down at the high frequency, as at ordinary 
frequency, and that it therefore does not have the proper. 
protective power. ‘This he explains by the statement that it 
takes energy to break down the needle-point gap, but it requires 
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more than that fact alone to explain it. The needle-point gap 
must not only require energy to break it down, but it must have 
the capacity to refuse to take the breakdown energy at a high 
frequency. The mere fact that the gap did not spark across 
would not necessarily prevent its protecting solid insulation, 
provided the gap could receive sufficient current to relieve the 
pressure. Do I make that point clear? It is not sufficient 
that the needle-point gap shall require energy to break it down, . 
to explain its failure to protect solid insulation, it must also 
have the power of choking back and deflecting the energy 
coming from the exciting source into the solid material to 
cause the failure to protect. Will Mr. Peek give more in- 
formation on that point. 

‘R. W. Sorensen: There now appears to be a general recog- 
nition of the theory of ionization by collision as first advanced 
by Professor Harris J. Ryan in hig paper, “‘Corona in Air and 
Oil”, given some four or five years ago. 

This step, coupled with the definite establishment of the 
value of the sphere gap as a measure of voltages of practically 
all frequencies, will do much toward the standardization of a 
common language for the communication of ideas relative to 
this class of phenomena. 

Speaking of this matter of a common language for the com- 
munication of our ideas relative to a subject, let us consider 
the term, “ionic saturation,’ as used by Mr. Peek in this paper. 
It seems to me that this may lead to confusion in explaining to 
students for the first time just what takes place, because I do 
not see how it can have the meaning of full as when applied 
to such uses as a saturated solution or magnetic saturation. 
That is, I do not see how we could say ionic saturation any 
more than we might say that a ball thrown up against a wall 
with sufficient force to cause it to break, can be said to be 
saturated with force or energy, because there was enough to 
destroy it. 

As a better expression for this phenomena I would suggest 
possibly the expression, culmination point, meaning the point 
where sufficient ionization has taken place for breakdowns to 
occur, rather than that no more ionization can take place in 
the path of current flow. 

Considering the destruction of solid insulating materials, is 
it not possible that the cumulative effect of over-voltages is 
due to the destruction of parts of the insulation near the point 
of ionization by heating at the point where the corona streamers 
are attached to the material under stress? For example, I have 
seen fibrous materials, porcelain, and glass, tested between ° 
electrodes to which was applied high frequency voltages, glow 
at the points of contact of the electrodes and the materials 
under test for a period, and then break down in such a way as 
to show that there was heat developed before the arc through 
the insulating material took place. Also in working with a 


1914 TRANSIENT VOLTAGES [Sept. 16 


resonator or Tesla coil, I have noted that if the discharge is 
allowed to jump directly to the body it burns the flesh, thus 
destroying it at the point of contact. 

In a porcelain insulator, of course, the amount of material 
destroyed by this heat would be insignificant, but the intense 
local heat would undoubtedly set up strains, causing cracks to 
form, these cracks constituting a weakened place, made more 
and more so at each wave front, which must be withstood at 
that point. 

Such a supposition will be entirely in accord with time volt- 
age relation necessary for break down of insulators, because 
the greater the energy the more quickly is the heat generated 
at a point and the greater the stress on the material, because 
of the difficulty of getting this heat conducted away from the 
point of application. 

I take it that the curve for air and also for insulating materials, 
showing the relation between voltage and time, cannot fall 
below the critical voltage of the material, even for infinite time. 

F. F. Brand: Mr. Peek’s paper has brought out and ex- 
plained many phenomena of breakdown, which until quite 
recently were almost unexplainable. The time and energy 
theory explains to us why insulation having a deeply corru- 
gated surface on which breakdown by flashover must occur 
by successive building up of corona over a long surface takes 
a long time or a high transient voltage to flash over, due to 
the large energy required to form the corona, and thus does 
not flash over so readily under transient voltages. 

It is also interesting, and indeed fortunate, for us, that the 
spark lag time for these corrugated surfaces increases with 
decreasing air pressure, and is not appreciably affected by dirt 
and moisture. The flash-over of insulators at high altitude by 
transient voltage is not so likely to occur as would be imagined, 
due to the large time lag at lower air pressure, and due also 
to the fact that corona will occur readily on the line wires and 
absorb energy from the transient. 

The large number of failures by puncture of porcelain in- 
sulators in service is undoubtedly due to progressive break- 
down caused by transient voltages which are cumulative until 
complete puncture occurs. This also shows why insulators 
immersed in oil which are absorbent of oil, such as paper, press- 
board, etc., give such enormously high resistance to puncture 
by transient voltage, as not only is the time lag of the solid 
high, but this absorbed insulation is not greatly subject to 
breakdown by a cumulative process, as it is to a greater extent 
self-healing by the oil. 

F. W. Peek, Jr.: The wet and dry spark-over voltages for 
impulses of short duration are generally very nearly equal; 
rain has less effect on the impulse spark-over voltage than on 
the 60-cycle spark-over voltage. This matter is being further 
investigated. 
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Percy H. Thomas: Can you tell me offhand where it becomes 
evident?. How about 50 kilocycles? 

F. W. Peek, Jr.: The shorter the duration of the impulse 
the more nearly the wet and dry spark-over voltages corres- 
pond. For example, referring to Table XIII, Insulator A: 
The wet 60-cycle spark-over voltage is 65 per cent of the dry 
spark-over voltage; the wet spark-over voltage for a single 
half cycle of a 100-kilocycle wave is 97 per cent of the dry 
impulse spark-over voltage; the wet spark-over voltage for a 
single half cycle of a 500-kilocycle wave is 98 per cent of the 
dry impulse spark-over voltage. It should also be noted that 
the wet impulse spark-over voltage is in both cases higher than 
the dry 60-cycle spark-over voltage. The gain in wet and dry 
spark-over is less and less as the duration of the impulse in- 
creases; it is, however, quite appreciable for a single half-cycle 
of a 50-kilocycle wave. For very low-frequency surges the 60-cycle 
condition may be approximated. This, naturally, hasa very im- 
portant practical bearing. We are at present investigating the 
wet 60-cycle and impulse spark-over voltages at high altitude. 
It must be kept in mind, in this particular discussion, that 
impulses are referred to and not continuously applied high 
frequency. (See Tables XVI and XVIII for comparison). 
Continuously applied high frequency causes break-downs in solid 
insulations at very low voltages, produces large corona losses, 
etc. The effect of each half cycle is cumulative. 

Percy H. Thomas: The wet and dry would be practically 
the same? 

F. W. Peek, Jr.: The wet and dry spark-over voltages for 
the 50-kilocycle impulse are probably very nearly equal, for 
many designs. 

Percy H. Thomas: Is it when the resistance of the water 
gets high enough that it checks back? 

F. W. Peek, Jr.: The shorter the duration of the impulse 
the more nearly the spark-over voltage is independent of the 
resistance of the water. 

Percy H. Thomas: With perfectly pure water, then, with 
50-kilocycles you get very much the same effect, wet and dry? 

F. W. Peek, Jr.: Yes. The water used in the tests under 
discussion varied in resistance between 2,000 and 7,000 ohms 
pet.cm. cube. 

Mr. Thomas has asked in regard to the method of deter- 
mining the impulse voltage and also in regard to the space 
occupied by the apparatus. The impulse voltages are cal- 
culated. The method of making the calculation is fully ex- 
plained in the paper. The impulse voltage is produced by 
charging a condenser to a known voltage and discharging it 
through an inductance and resistance. The transient current 
produces a transient or impulse voltage drop across the resist- 
ance which is readily calculated from the constants of the cir- 
crit. The condensers were built up of glass plates; the induct- 


1916 TRANSIENT VOLTAGES [Sept. 16 


ances were single layer coils; the resistances were straight 
water tubes. The constants of all of these were readily meas- 
ured or calculated. The floor space occupied by this test was 
about 10 by 12 ft. The constants of the circuit will be found 
in the paper. 

Percy H. Thomas: About how many turns have the coils? 

F. W. Peek, Jr.: That depends on the frequency, wave 
shape, etc. 

Percy H. Thomas: Per million cycles? 

F. W. Peek, Jr.: About 20 turns. There are, naturally, 
a greater number of turns for the lower frequencies. I might 
state that the possible sources of error were investigated. The 
are resistance at A, Fig. 1 of the paper, was investigated and 
found to be small. Voltage was also measured across sections 
of the water tube resistance R,, and found to check when 

compared to the voltage across the 

whole tube. The skin effect in R, was 
ae also not measurable. The probable error 
i should generally not be greater than 
tea about 2 per cent, which is very small 

TOO —+—eaiece When the nature of the test is con- 

“Vv sidered. The chances of error increase 

or R ® with increasing steepness of wave front. 
There is one source of error which was 

Ere oe guarded against, but which should be 

Pics mentioned, the effect of the capacity of 

the test piece on the wave shape. The 

wave is calculated for circuit la, See Fig. 2. The test piece is 
placed across R, and is equivalent to adding a capacity across 
Ri. The solution of 1 (a) involves a quadratic, of 1 (b) a cubic 
and is quite tedious. The general effect of C p is always to delay 
the time of maximum of the wave, and to increase the value 
of the maximum with increasing capacity up to a critical value 
of Cy; the maximum then becomes less and less with increas- 
ing Cy and finally falls below the maximum for Cy ssu0rein 
this investigation the value of C, was never allowed to become 

great enough to appreciably affect the wave shape. 

The calculated impulse voltage and the impulse voltages as 
measured by spheres, using the standard 60-cycle curve, always 
checked within a small per cent. 

Percy H. Thomas: Was the sphere gap curve calculated 
at 60 cycles? _ 

F, W. Peek, Jr.: The standard sphere-gap curve is a curve 
measured at 60 cycles. We have also given a formula for cal- 
culating it! The curve does not vary for the same maximum 
of voltage at 60 cycles, 25 cycles or direct-current. 

Mr. Sorensen has asked during his remarks, if break-down will 
occur at any voltage if the time is long enough. No, it will 
not. There is a certain minimum voltage at which break- 
EE OD, EE 


1. See “Dielectric Phenomena in High-Voltage Engineering”, Chap IV. 
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down will occur in infinite time. This will be made more clear 
by a brief discussion of the probable mechanism of breakdown 
which I will now give. This discussion will also answer ques- 
tions by Messrs. Creighton and Thomas on the effect of initial 
ionization.” 

In air there are always a certain number of free ions. The 
number will vary, and may be greatly increased in the vicinity 
of any electrodes by means of X-rays, ultra-violet light, etc. 
When potential is applied to the electrodes, the negative ions, 
or electrons, are attracted toward the positive electrode. The 
velocity at which free ions move at any point depends upon 
the field intensity or voltage gradient at that point. When 
the voltage gradient anywhere reaches 30 kv. per cm. the velocity 
of the ions become sufficiently great in their mean free path to 
produce new ions by collision with atoms or molecules by 
separating them into positive and negative parts. If the process 
-continues ionic saturation may result after many successive 
collisions. lonic saturation is corona or spark. A finite thick- 
ness of air, however, must be subjected to 30 kv. per cm. or 
over, in order that spark may result. Whether ionic satura- 
tion, and therefore spark or corona, will take place at a given 
point will depend upon whether ions are produced at a greater 
rate than recombination, escapement to other parts of the 
field, etc., this in turn will depend upon the regularity of the 
field, electrode spacing, etc. 

Breakdown or corona cannot begin to form until the voltage 
is high enough to produce somewhere a gradient of 30 kv. per 
em. for the electrodes under consideration. The voltage at 
which ionization by collision begins, and at which spark-over 
takes place, will, therefore, be practically independent of the 
initial ionization, or number of free ions at the start, if the time 
of application is not limited. The time to reach ionic satura- 
tion should vary with the initial ionization. 

In the case of an impulse voltage of steep wave front ioniza- 
tion starts when the continuously applied breakdown voltage 
is reached; ionic saturation does not occur until the voltage 
has risen considerably above this value, a short interval of 
time later. Thus the impulse voltage required to spark over 
a given gap is always higher than the continuously applied 
voltage, the difference depending upon the irregularity of the 
field, etc. With spheres, where the spacing for a given volt- 
age is small and the field nearly uniform, it is only necessary to 
ionize to saturation a small short tube of air to cause spark- 
over. The ions are all along this tube subjected to nearly the 
same gradient, and all parts break down nearly simultaneously ; 
there is no previous corona formation: The time element: is 
very short. With needles, the spacing for a given voltage is 
comparatively very large. Local breakdown first starts at the 


2. See “Dielectric Phenomena in High-Voltage Engineering’’, Chaps. 
III, IV and VIII. 
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points in this irregular field; a sphere of corona is gradually 
formed around each point as the voltage increases; finally, 
spark-over occurs. There is chance for recombination and 
escapement; the energy stored in the field must be supplied 
through the resistance of the gradually forming corona spheres. 
The time lag of the needle is thus large—an impulse voltage 
much higher than the 60 cycle voltage is required to cause 
spark-over. The lag of the starting point of corona is generally 
very small. This should be so, as the start of corona is spark- 
over from an electrode to space, generally, in a more or less 
uniform field. The effect of varying initial ionization on the 
time lag of spark-over is generally not measurable. This is 
apparently so because the starting corona, which has a very 
small lag, supplies greater initial ionization than can generally 
be supplied by external means. All this is fully treated in the 
paper. Initial ionization may play an important part at low 
air density where it may be an appreciable percentage of ionic 
saturation. 

Percy H. Thomas: Have you made experiments on that 
condition? 

F. W. Peek, Jr.: Yes, the effect of initial ionization at low 
air densities, and under other conditions, is discussed in the 
paper, as is also the effect at very small spacings where the 
probability of an ion reaching the space between the electrodes 
from the outside is small. Mr. Creighton has touched on this 
in his discussion. 

Mr. Thomas has also asked in regard to the effect of the 
impulse voltage distribution in the insulator under test, and if 
it does not modify the theory outlined above; The voltage 
distribution must change greatly after the spark begins to form; 
I do not believe it changes the general theory of lag outlined 
above. It must be considered in special cases. 

In practise we desire to know the characteristics of different 
types of insulators. Some insulators spark over more readily 
than others on transient voltages. For instance, two insulators 
or bushings of different designs may both have a spark over 
voltage of 100 kv. at 60 cycles, while for a given impulse the 
spark-over voltage of one may be 110 kv., the other 200 kv. 
This investigation has determined the different factors affect- 
ing the time lag so that either type may be designed at will. 

Two different lightning arrester gaps may have 100-ky. 
spark over voltage at 60 cycles, the condition which determines 
the setting on a line, while for a given impulse one may require 
200 kv. to spark it over, the other only 102 kv. These different 
types may also be designed at will. It is obvious that the 102- 
kv. gap, and the 200-kv. bushing would be desirable in practise. 
I have in the laboratory two different gaps connected directly 
in multiple—the 60-cycle setting for one is 100 kv., for the 
other 200 kv. A spark may be made to pass, as desired, over 
one gap or the other by changing the steepness of the applied 
impulse. 
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Percy H. Thomas: My question was as to the sufficiency 
of your explanation. When you say that the needle point 
requires energy to break down, you want to supplement that 
energy to explain the phenomenon. The real effect is the 
time, rather than the energy. 

F. W. Peek, Jr.: It cannot be said that any gap has a 
definite time lag for all impulses; it requires time and voltage. 
If the voltage increases rapidly it will go up to a higher value, 
but spark-over will occur in less time, so that time and volt- 
age are linked together and are interdependent. It is really 
a matter of energy. 

Percy H. Thomas: That is not the point I had in mind. 

F. W. Peek, Jr.: That answers, I think, the point from 
the protective standpoint and the standpoint of insulator design. 

Percy H. Thomas: I understand what you are explaining 
now. My point was this, that while the phenomenon is clear, 
the explanation that it is due to the effect of the energy re- 
quired to break down the needle gap, would not explain why 
the lag should occur with a needle point and not with a sphere. 

F. W. Peek, Jr.: I may make myself clearer by citing a 
specific example. Set a needle gap and a (25 cm.) sphere gap 
so that both spark-over at 100 kv. maximum for continuously 
applied or 60-cycle voltages. It will be found that the spac- 
ings are approximately 3.5 cm. for the sphere gap, and 15 cm. 
for the needle gap. The sphere gap spark-over occurs along 
a straight tube 3.5 cm. long. As the gradient along the tube 
is fairly constant, ionization starts all along the tube at about 
the same applied voltage. There is no previous corona forma- 
tion or field distortion. It is necessary to bring a very small 
amount of air up to ionic saturation. With the needle gap 
the field is intense at the point, and not intense a short distance 
from the point. As the impulse voltage rises from zero corona 
first starts to form around the point and gradually extends out 
as a sphere around the point with increasing voltage. The 
field is, thus, continuously changed and part of the energy 
is supplied through the conducting corona which is formed. 
The rate at which the energy necessary to cause break- 
down can be supplied is thus limited. As this compara- 
tively large volume of air is ionized there is also prob- 
ably recombination, escapement of ions, etc. Spark-over 
finally results if the voltage continues to a sufficiently high 
value to produce ionic saturation in the spark-over path. The 
required energy is much smaller for the sphere and it can be 
supplied much more rapidly than to the needle. The impulse 
spark-over voltage for the sphere in this case may be, say 
100 kv.; for the needle 200 kv. The rate can be calculated. 

Percy H. Thomas: The real criterion to determine when 
that will break down is when ionic saturation is reached? 

F. W. Peek, Jr.: Yes, that is apparently correct. I have 
given the general laws in a summary at the end of the paper. 
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J. Murray Weed: I suggest an explanation might be ar- 
rived at by considering that the energy must all flow into that 
space in the air from the points of the needles in the one case, 
and in the other case it is the whole surface of the sphere which 
must flow into the space in the gap. It must flow through the 
air to-energize the air further out from the terminal, and in 
one case it has to flow through a small cross-section of air from 
the point of the needle, and in the other case has a large surface 
on the sphere to flow to. 

F. W. Peek, Jr.: In the case of the sphere, the energy is 
really supplied along a small tube connecting the nearest sur- 
faces. 

H. C. Stephens: There is one point which seems to be in- | 
consistent with the statement you made some time ago, in 
which you said it took no appreciable time to accomplish the 
ionization. ‘ 

F. W. Peek, Jr.: It naturally must take time to produce 
ionization; it must take time to supply energy, unless there 
is infinite power. I stated that the time to produce the initial 
corona was very small compared to the time to produce the 
final spark-over in irregular fields. This is so because the 
start of corona is spark-over, a small distance, from conductor 
to space over which the field is still fairly uniform. 

- Mr. Sorensen asked in regard to heating. I do not think that 
heating need be specially considered in this problem, but rather 
the tearing apart of the air and the energy supply through 
the resistance path thus formed to the capacity. 
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ARC PHENOMENA 


BY A. G-- "COLLIS 


ABSTRACT OF PAPER 


Increasing developments in electric transmission systems 
impose correspondingly increased duties upon switchgear, ‘and 
therefore a study of the arc phenomena accompanying the 
rupture of circuits in oil switches becomes of growing im- 
portance. The paper describes a number of experiments made 
to determine the influence of differently shaped arcing contacts 
upon the disturbances following rupture of an a-c. circuit, 
and various theoretical considerations are discussed with a 
view to modifying the design of oil switches so as to increase 
their rupturing capacity and thereby eliminate auxiliary de- 
vices with their added complications and expense. The use 
of reactors is also considered in connection with the rating of 
oil switches. 


INTRODUCTORY 
DVANCEMENT and improvement in the development of 
electrical transmission necessitates more rigid research 
work and investigations on designs of switchgear, in order that 
the more effective may be their relative capacities. 

In this connection great credit is due to the members of the 
American Institute of Electrical Engineers, who have pro- 
vided us with records which have been a source of great help 
and assistance to those who have been less fortunate in making 
the necessary researches for studying ‘transient electrical 
phenomena.” 

There is still a large field of research work to be done, before 
definite conclusions can be formed, in conjunction with practises 
that we are now leaving behind, apart from the developments 
that are now being put into operation. 

One of the most important fields of science is that which 
deals with ‘“‘arc phenomena” occasioned by the duties of switch- 
gear, which form such important links of an electrical trans- 
mission. 

In my previous publications, such as ‘‘ Breaking High- and 
Low-Potential Circuits,’ ‘‘ High-Tension Switchgear,” “ De- 
gradation of Accumulative Energy,” etc., there are oscillograph 
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records of the effects produced by opening moderate currents and 
voltages, such as are met with in every-day practise. This paper, 
however, traverses and deals with investigations on critical 
phenomena obtained from circuits of much larger dimensions, 
‘with further details as suggested by the title, hitherto not 
included in my previous records. 

As the formation of the arc in oil switches becomes the critical 
point of an oil switch, and as the necessity of more effective 
ruptures for the increased kv-a. capacities becomes more ap- 
parent, the first portion of this paper contains some research 
work which is submitted to you as an introductory for further 
unexplained phenomena on this important question. 

It is suggested that the nearer science solves the question 
of harnessing the forces liberated‘ in disturbed areas, the 
provision of artificial links in the chain of a transmission 
will decrease, reducing this source of additional danger and 
trouble. There is no doubt, as practises improve, auxiliary 
devices will gradually be’ removed, reducing capital expenditure 
with greater efficiency. ~ 


Arcs IN A-C. O1t SwitcHEs 


Herewith are illustrations obtained by photographing the 
arc formed by opening a-c. circuits under oil, and attention is 
directed to their various shapes caused by special forms of con- 
tacts. 

For the purposes of these experiments the same switch was 
used in every case, fitted with different contacts as shown 
below. The photographs were obtained by using a camera 
and intensifier, the shutter of which was directly connected to 
the operating mechanism of the switch, one side of the switch 
case being fitted with a transparent flexible partition revealing 
the are disturbance. 

Fig. 1 illustrates the arc formed by rupturing a non-inductive 
three-phase circuit, 6600 volts, 200 amperes, (r.m.s.) at unity 
power factor. The oil switch contacts (Fig. 2) operated in a 
vertical plane, the total length of break being 104 in. per phase. 
It will be observed that the shape of the arc is an ellipse, 
its greater diameter being directed horizontally towards the sides 
of the tank. It is therefore obvious that, where a heavy head 
of oil is essential for the purpose of damping out the arc effec- 
tively, equal proportions for safety must be incorporated in 
the distribution of forces through which the strain is directed. 
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In nearly all the cases of switch bursts that have come under 
my personal observation, the damage is more apparent on the 
sides of the oil tank, following the direction of the flow of the 
current. Front or back explosions are not so prominent, which 
may, of course, be due incidentally to the relative positions of 
the arc contacts, and it is for this reason that the photo plate 
produces the shape of the arc where it was felt its effect would be 
most severe. The shape of the arc follows the shape of the 
arcing contacts, and there is no doubt that the disturbances 
following rupture are directly related to the shape of are con- 
tacts, as will be commented upon later. 

Fig. 3 illustrates the formation of the arc, in oil, by ruptur- 
ing a three-phase 6600-volt, 220-ampere (r.m.s.) inductive cir- 
cuit at 0.9 power factor. The contacts used in this case were 


cH é ch 


Fic. 2—BrusH LAMINATED Fic. 4—SoL_1p WEDGE FORM OF 
CONTACT 


of the well known “ wedge” form, Fig. 4. The rupture in 
this case is slightly more severe than in the case of Fig. 1, and 
the arc is slightly larger. The pressure in lb. per sq. inch 
was 75, as per table herewith. It will be understood that the 
effects of explosion depend to a certain extent on the position 
of the wave at the time of opening. No oscillograph tests were 
taken at the time when the photo plate was exposed to the arc. 
The tendency of the arc in this case is to turn upwards when 
directed outwards, and is of the ‘‘ heart shape” variety. Several 
designers, in order to quench the arc more effectively, have used 
artificial ‘“‘ arc dampers” placed in a diagonal direction over the 
forces of explosion to press the oil over the neighborhood of 
the rupture zone, from which it would appear that they con- 
jectured that the greatest strain during the rupture appeared in 
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this region. These illustrations confirm this opinion. On the other 
hand, some engineers appear to consider that the are damping 
fluid should be forced on the rupture zone from the vertical 
position, z.e., directly over the center of the disturbed area. The 
result of this method is shown in Fig. 5. 

Fig. 5 illustrates the arc made by breaking a similar circuit, 
180 amperes (r.m.s.) at 6600 volts, 0.83 power factor. The 
form of contact used (see Fig. 6) is the brush form as in Fig. 1, 
but fitted with vertical trailing arc pieces. It will be observed 
that the arc pieces were fixed at the side of the main contact, 
one inside and the other outside. These arcing pieces were 
placed in this position for the purpose of observing whether 
the arc phenomena followed a natural sequence or if its arti- 
ficial creation was caused by the individual shape and character 


Fic. 6—BrusH CONTACT WITH TRAIL- . Fic. 8—CoNnrE CoNnTACTS 
ING PIECES INSIDE AND OUTSIDE 


of the contacts. It would appear,as shown in the illustration, 
that the arc is influenced by the construction of the trailing 
pieces. It will be observed that the natural formation of 
an arc can be artificially directed and modified by contact de- 
sign, considerably increasing or decreasing the capacity of switches 
of limited rupturing capacity. Thus a switch with one form 
of contact and a rupturing capacity of say 10,000 kv-a. 
might be so reconstructed and modified as to have its ca- 
pacity increased to 15,000. kv-a. There is no doubt that the 
direction of the explosive forces produced by the arc is related 
to its power to withstand heavy duties, the shape and _posi- 
tion of the “‘ arc trailers’ having a relative bearing on its 
formation. ; 

Fig. 7 illustrates the arc formed by breaking circuit with the 
cone contacts, Fig. 8, the shape of the arc being of the 
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“filbert character,” showing the maximum force divided along 
a vertical plane. This class of contact is not so much in 
common use as those shown in Figs. 2 and 4. The shape of 
the arc, though, is more ideal and the rupturing capacity of the 
switch increased over those of its neighbors in comparison. The 
circuit ruptured in this case hada practically non-inductive load 
of 125 amperes (r.m.s.) at 6600 volts, unity power factor. Thus 
the arc should be smaller in dimensions than those shown pre- 
ceding it. Auxiliary arc dampers were provided with this switch, 
forcing the oil in a downward direction towards the seat of the 
explosion. The effects of these are shown in the illustration. For 
very heavy rupturing capacities, ‘(arc dampers’? are con- 
sidered necessary, and will be commented upon later. 

ae ie Fig. 9 illustrates the arc 

an formed by breaking a circuit 
of 800 amperes (r.m.s.) 6600 
volts, power factor approxi- 
mately unity. The arcing 
contacts are shown in Fig. 
10 and are known as the 
double-brush type, the oil 
being forced over the center 
of the arc zone. The illus- 
tration shows the effects of 
this feature. The increasing 
diagonal forces as interpreted 
from the shapeof the arc structure, with the maximum strain being 
directed towards the sides of oil tank, arealsoshown. This type 
of contact was introduced very successfully on a 20,000-volt 
transmission, but the tendency is now to use an entirely differ- 
ent form of design for high-tension electrical transmissions. 


Fic. 10—HoL_Low CONDUCTOR FOR 
Ort BrusH CONTACTS 


Fig. Amperes. Volts. Lb. per sq. in. Lb. per sq. in. 

near arc, 24in. from 

contacts. 
1 200 6600 74 70 
33 220 6600 75 63 
5 180 6600 68 65 
7 125 6600 54 32 
9 300 6600 78 74) 


The pressures in pounds per square inch surrounding the 
arc area are given above. These pressures were obtained by 
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inserting in the tank an operating cam, directly connected to 
an external indicating instrument, as used for hydraulic 
testing, see Fig. 11, the instrument being specially calibrated 
to record pressures in the oil tank. 

Fig. 13 shows the distance rate of change declinations of forces 
directed toward the sides of the oil can resulting from various 
arc forms. The steeper the inclination of this characteristic 
the greater the rupturing capacity of the switch. 

Fig. 11 illustrates the position of the recording instrument 
used to measure such factors. 

Fig. 12 presents the result of a series of tests taken of the 
dielectric strength of oil in comparison to that of air, taken 
between needles. 
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Fig. 14 shows the arrangement of the switch gear for making 
the series of tests above referred to. 


THEORY OF CAVITATION 


As shown by the above illustration, the pressure and forma- 
tion of the arc is the critical point of an oil switch, and designers 
should concentrate their energies to the effective harnessing of 
its explosive features. If the mean dimensions, pressure and 
formation of the arcing could be so governed as to distri- 
bute even pressures in all directions, or further if the arc 
could be so controlled and directed that the forces generated 
find their maximum efficiency in its enclosed limitations, the 
resultant disturbances would be thus minimized. 

Spark effects have not been considered in this paper. They 


_over the disturbed space. 
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were excluded for the reason that they are considered to possess 
infinitesimal value. 

There exists a hypothesis that an are ruptured in oil is im- 
mediately damped out by the oil rushing between the contacts, 
and intercepting the current flow at the zero point. An analy- 
sis of the above proves that this is not the case. The forma- 
tion of the arc sets up a vaporized space around the contacts, 
the intensity. of which is proportional to the volume of force 
liberated. This prevents the oil (which is of a somewhat slug- 
gish character) entering the space around the contacts. When 
the arc Vapor is dissipated Or | | cia et of Current 
approaches its extinguishable Ho 
value by a decrease in the cur- + 
rent, the oil is permitted to flow [© r / 
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Fic. 13—Dr1aAGramM SHOWING DECLINE Fic. 14—ARRANGEMENT OF 
OF FORCES IN VARIOUS ARCS SWITCHING 


The critical value of cavitation is well known by those who 
have studied hydrostatic and hydrodynamical laws. Their 
experiences with these laws are almost identical with those of 
the men who are solving the problems of arcs in fluids. Lord 
Kelvin described them at the Royal Society in 1887 as governing 
the ‘formation of coreless vortices by the motion of a solid through 
an inviscid incompressible fluid.” (Practical fluid differs from 
perfect fluid in that it is compressible and has viscosity). While 
the general critical value of cavitation may be identical in the 
production of mechanical propulsion by rotation and the forma- 
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tion of arcs in fluids, the created vortices are governed by 
different. laws. 

The illustrations above show that the wave of explosion 
travels radially outwards with a finite velocity inversely 
proportioned to the square of the radius, the pressure 
and intensity of the fluid being everywhere the same at 
the same depth in all directions. The abnormal wave of ex- 
plosion has a considerable bearing upon the failure of a switch 
repeating identical rupturing performances. 

The larger the lateral size of the contact the greater will be the 
effects of the explosion. 

The volatilization of the oil and its quiescency is of importance 
in destroying a vacuum created by anarc. Also there must be 
as little carbonization as possible, with free convection. As 
is well known, the breakdown pressure of most gases increases : 
greatly with increasing pressure, and the breakdown pres- 
sure at a few atmospheres is far greater than that of the 
oil. Apart from cutting off a dangerous condition with as 
much speed as possible the rapidity of the moving contacts 
in the creation of a vacuum is vital in the reduction of distri- 
butive forces. 

It is in connection with the unknown generated gas forces 
that the rupturing value of the switch becomes more inde- 
terminate, in the case of phase displacement under heavy load, 
due to a potential existing when the current approaches zero, 
thus modifying the resultant gas formation. 

The arc fluid when subjected to pressure assists in destroying 
the created vortices, and if applied in the right direction in- 
creases the capacity of the switch. 

Rupturing the arc by a series of gaps and resistances does 
not appear to be the correct line of development, as apart from 
the increased size of the switch and the relative merits of sus- 
tained arcs the creation of a number of coreless vortices defeats 
the primary object of a switch designer. 

Fig. 9 illustrates the large amount of gas force exposed to 
the oil. It would have been thought that the oil subjected 
to pressure would have increased the exposed surface with a 
subsequent release of the gas bubbles. This is so, pro- 
viding that the pressure of the oil is conducted through 
proper. channels. The current broken in this instance is 
of course much greater than those in comparison. Also it 
must be remembered that the current had been broken several 
times before a satisfactory photograph could be obtained. 
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SPEED OF OPERATION 

Under certain conditions destructive energy is generated 
in the relief of an electrical disturbance, and potential energy 
stored up in a physical position set free by physical change may 
assume dangerous dimensions. An example is the vaporization 
of gas absorbing energy by which it is liquefied. The quality 
of explosion is directly related to the speed of operation and 
may be easily calculated if the released energy follows compara- 
tive laws. It is when there is no relationship between the 
transient conditions of circuits under different degrees of oper- 
ation that its conversion follows different treatment. 

It is obvious that a circuit in a dangerous condition should 
be relieved as quickly as possible, but such a circuit having 
appreciable inductance, if rapidly opened, may give rise to 
abnormal potential stresses. Observations have indicated that 
this potential may reach a value of seven times the normal. 

Oscillograph records already published show a current in- 
crement on short circuit at the rate of 850,000 amperes 
per second, but it must not be overlooked that if a short circuit 
can be disconnected before the current reaches a dangerous — 
value, the rise of pressure may not be excessive even with a 
rapid break. Thus the instantaneous opening of a short cir- 
cuit does not necessarily interpose abnormal potentials. 

In comparison, a quick-acting switch must have a greater 
rupturing capacity than those of the slow type, their rates 
being, within limits, proportional to their time elements. 

The opening of a switch follows the period of maximum 
disturbance and a certain amount of time must elapse before 
the circuit can be disconnected. The time taken by a positive 
relay for automatically tripping the switch from a power sup- 
ply independent of the system averages 0.4 second. The time 
occupied in the operation of a gravity oil switch with a five-inch 
break per pole per phase averages 0.6 second. So that, in all, 
the switch reaches off position in a second. The time elapsed 
between the parting of the main and auxiliary contacts (as- 
suming brush contacts) averages 0.2 of a second; thus, by 
multiple breaks the rapidity of a circuit may be correspond- 
ingly increased, and for heavy duty at high pressures the mul- 
tiple break is becoming a necessity. 

There is a mechanical difficulty in making a multi-break 
gravity switch where all the contacts should make or break 
at the same time. In Figs. 15, 16,and17, peaks appear in the 
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e.m.f. wave of the oscillograph record, showing the result of not 
opening all of the contacts simultaneously. 

These three records were obtained on a 6000-volt 50-period 
circuit having a running generator capacity of 16,200 kw., the 
phases being short-circuited at the end of a 1900-yard under- 
ground main feeder. The maximum currents were 2300 am- 
peres (r.m.s.). The switch, which was of the double-break, 
gravity, time type, opened the circuit in 23 periods, this being 
considered a very rapid rupture. 

The key diagram of such tests is shown in Fig. 18. 

Figs. 19 and 20 contain the oscillograph records made by 
opening a short circuit between phases, on a 5000-volt, 25- 
period, a-c. system having a resistance in the circuit limiting 
the power to 10,000 kw. This resistance consisted of iron strips 
mounted in an iron frame, and was connected to the source 
of supply by a three-core 0.15 sq. inch section cable 1000 yards 
long having an impedance of 


2.4 ohms. 2 
Fig. 21 illustrates the key FE fet 
diagram of these tests. An | retin eS 
inverse time element relay 
was fitted on this switch af 
which was set to operate at C.T.Oscillograph 
20 per cent overload in five / ; 
seconds, and on short-circuit 
conditions in 0.46. second. 
Thus the calculated time for 00x. power 
the switch to reach the off 
position on short circuit would 
be 1.46 second. 

The rate of opening, therefore, for the double-break contact 
was 1.16 second. The oscillograph records show approximately 
seven complete periods. The current ceased to flow before 
the switch finally completed its movement. 

The rapidity with which a current may be opened may not 
be seriously considered in industrial applications; it is when 
the transmission assumes large dimensions with extra high 
pressures that this question requires weighty consideration. 
Rapid changes in a circuit containing inductance and capacity, 
in which electromagnetic and electrostatic energy is stored, 
introduce oscillatory phenomena. Circuits of negligible in- 
ductance and capacity may be switched without any serious 
results of discharged transient energy. 
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An underground cable system may act as an oscillatory 
generator with the capacity of the cables as a condenser, the 
internal inductance of the generators as reactance and the 
short-circuiting arc as a discharge. 
© The extent of oscillatory phenomena brought about by 
these and other changes has been dealt with in previous publica- 
tions and is therefore omitted from this paper. 


PRESSURE RISES 


Engineers have experienced considerable inconvenience by 
the appearance of surges when closing high-potential circuits. 
Flash-overs and breakdowns in some installations have been more 
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frequent with the closing of the circuits than those produced when 
opening the supply. The rate and rise of the rush of current 
into a circuit is well known, but the appearance of voltage 
peaks requires some examination. A series of experiments 
was carried out on a large power supply system in the Mid- 
lands by installing a series of earthed spark gaps on the end 
turns of a 500-kw. 6600-volt low-speed motor. These spark 
gaps were adjusted to flash over at definite voltages. When 
the results were plotted, a pressure of 27,000 volts was re- 
corded by closing the overhead mains four miles long, while 
connecting this machine on to the circuit before starting up. 
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Oscillograph records shown in Figs. 22, 23, 24 were obtained 
by closing an unloaded 8000-yard, 5000-volt, 25-period feeder, 
the cable being of a three-core type 0.15 sq. inch section diameter. 
The instantaneous voltage rise is shown as practically double 
the normal, which value in itself is not dangerous, but con» 
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ditions can easily be assumed when the production of such 
rises might prove to be troublesome. 

An oil switch in itself by the nature of its construction does 
not introduce distortion in the e.m.f. wave, the rate of change of 
current being its chief contribution. The manufacture of arc-dis- 
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pelling fields introduced into some designs will, however, consider- 
ably and artificially alter the circuit phenomena. Oscillograph 
tests have not been taken to record the e.m-f. introduced by them, 
but they are similar in character to those experienced on d-c. 
circuits. In the author’s book on “ High-Tension Switchgear 
Design” such effects are shown in comparison by opening d-c, 
circuits with different types of breakers. 

Oscillograph records are produced showing the effects of open- 
ing circuits with (1) carbon break, (2) weak field magnetic blow- 
out, (3) strong field magnetic blow-out, and (4) oil type breakers. 
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| Breaking 500 Volts 
1190 Volts 


| y Volts of Circuit 500 
i, 


QL ___ ff erin. 
910 Volts [ - ¥3200 Amps. 
-- -- 0.08 Sec.--- > 
i Fie. 27—Om Swircn Tests, D-C. 


500 Volts 


Zero Volts 


‘Zero Amps. 780 Volts 
Zero Amps. ; 
jf Volts 
| 1 
6500 Amps. 4 ' Zero Volts 
eo 
: 
L Zero Amps. 
Een re ey I 
0.16 2 a | 6350 Ainps. 
Fic. 26—MAGNeEtTICc BLow-OuT a 
CirRcUIT BREAKER Tests, D-C. | aie Oid9; SeCen ss 
SHorT CrRcuItT Fig. 28 


For the convenience of readers I reproduce in Fig. 25 the com- 
parative tables computed from a long series of tests. 

Figs. 26 and 28 illustrate the nature of the arcing and the rises 
obtained when opening a heavy d-c. short circuit. Fig. 27 con- 
tains the record of the e.m.f. and current rise when opening a 
heavy inductive load with a d-c. oil switch. 

The comparative table under Fig. 25 shows that the in- 
ductive rise obtained from the weak field magnetic blow-out 
breaker is much greater than those of its neighbors, which is 
exactly in accordance with fundamentals but contrary to the 
generally accepted opinion. Figs. 29 and 30 present a key 
diagram of the d-c. tests referred to. 

When the magnetic blow-out field, originally designed in 
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America, was produced in this country, considerable opposition 
was experienced against its use for the reason that it was stated 
to introduce excessive potentials by the nature of its construc- 
tion, and its strong field, which broke down insulated cables. 

The series of tests, records of which are shown in the book 
above referred to, contains the exact effects of such fields on 
the circuit and shows that the strong field produces a less 
effective rise than those of the weak field type. 

Apart from the time taken in opening the circuit the extra 
inductive rise is due to the separate coil for the production 
of amagnetic field. This coil is short-circuited when the breaker 
is in the closed position, but in series with the line when open- 
ing the circuit. As there is an appreciable time taken up in 
the building of this field, which is not at its greatest density 
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when the arc is first formed, a choking effect is introduced, and 
the resistance being low, the back e.m.f. assumes a high value, 
so that if the turns are doubled the induced e.m.f. is quadrupled, 
the current being one fourth. If a steady e.m.f. be applied at the 
ends of a conductor of resistance R, the current does not rise 


E . 
R ? 
it takes time to reach the value since at the moment when 
the current starts to flow it brings into existenceanopposinge.m_f., 
depending upon the rate of increase, which opposes the rise of cur- 
rent. Ifthe e.m.f. be removed the current sinks to zero, gradually 
decreasing in strength, for the reason that the current value is con- 
nected with the presence of a magnetic field due to it. 

The rate at which the current dies down is indicated by the 


instantaneously to its full value as given by ohms law, I = 
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angle of inclination of the curves in the oscillograph records 
and depends upon the e.m4f. of self-induction, which is partially 
governed by the geometric form of the conducting path and the 
amount of iron, if any, in the circuit. 

The maximum pressure recorded on the oscillograph is the 
resultant e.m.f., and is the geometric sum of the impressed e.m.f. 
and the e.m.f. of self-induction. The total inductance of the 
blow-out field coil is equal to the number of turns caused by 
unit current and affected by the rate of change, symbolized 


di 5 } 
i ‘is The e.m.f. of self-inductanceis E= — (Le) , the algebraic 
sign depending on whether the current is increasing or decreas- 
ing. 


If the e.m.f. is withdrawn and the current dies to zero, the 
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self-induction tends to assist, but if the current be increased, 
the induced e.m.f. opposes the increase. 


KILOWATT CAPACITY 

The implied meaning of the above term is contentious. 
Academically it is understood to represent “ the compound unit 
volume of a switch.” 

Special committees have been formed to discuss and arrive 
at some arbitrary decision as to what this term should convey, 
and its limitations. Up to this time no complete definition 
has been published. Subjecting this term to analytical treat- 
ment, we find variable conditions affect the capacity of a switch 
as follows: 

1. Power factor. 

2. Period of time taken in opening the circuit. 
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3. Amount of current generated on short circuit. 

4. Position of the wave at the time of rupture. 

5. Impedance and reactance of the circuit. 

The effects attributed to “resonance,” “distorted wave forms’’, 
etc. are not commented upon in this paper, these being a 
distinct field of research work. 

To comment upon each of the above items in detail as affect- 
ing the title referred to would necessitate a discourse covering 
the entire field of alternating-current distribution, and this is 
not suggested, and is only intended to show the pretentiousness 
of the title. Each of the above items controls a cardinal 
point of design, such as: 

1. Cavitation, as detailed before. 

. Length of break. : 

. Shape of contact. 

. Escape of generated gases. 

. Capacity of are cooling medium. 
. Speed of operation. 

7. Disposition of forces and potential limitations. 

Leading designers therefore attach considerable attention to 
these in conjunction with the standard application of switch 
design. 

The general tendency of manufacturers is to standardize, 
and scientific treatment of problems would materially assist 
towards that issue. The production of many designs indicate 
the incomplete knowledge of the subject. Statements referring 
to kilowatt capacity without other qualifications are of no 
value whatever, and could not be defended legally without 
classification. If, however, classification is possible in order 
to define limits of expression, it is very questionable if the form- 
ulas would satisfactorily cover design, due to an instability of 
phenomena arising from rupture. Practical tests of designs 
are repeated under variable conditions for the purpose of judging 
the performance of the switch, but such tests entail considerable 
expense, especially when using the oscillograph, and very 
few manufacturers can afford this; those who have carried out 
such tests are reluctant to publish their records for the benefit 
of those who become competitive copyists. 

The rupture of a circuit introduces conditional changes, the 
transient phenomenon of which is so unstable as to be beyond 
theoretical equation. 

The introduction of secondary superimposed effects, either 
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permanent or cumulative, are forces not covered by kilowatt 
capacity ratings, and are very destructive under certain con- 
ditions. The majority of breakdowns that come under this cate- 
gory are preceded by surges, distortions, etc. The oscillatory 
character of these secondary forces are proportional to the combi- 
nation of elements which they possess. 

The question of power factor tmaterially modifies the ruptur- 
ing capacity of a switch; the greater the phase displacement, 
the larger must be its rupturing value, for the reason that a 
potential exists tending to restore the circuit when the current 
is zero. This relationship between the voltage and current 
waves differs between the point of disturbance and its generated 
source, and the simultaneous value on opening the circuit de- 
pends upon the position of the switch relative to the cause of 
rupture and the known impedance of the circuit. 

Switches of a cubical capacity of, say, 4.5 cu. ft., designed 
to rupture a definite kilowatt load at unity power factor, are 
generally increased to 5.7 cu. ft. for the rupture of the same 
load at a power factor less than unity. 

Feeder switches situated at substations are relatively smaller 
in size than those at main stations, as determined by the imped- 
ance of the circuit. In this connection there is a lack of uni- 
formity of design, possibly due to the unknown technical prop- 
erties of the circuits to be controlled. 

To limit the instantaneous rise of current on the develop- 
ment of a short circuit, reactors have been advised; their use, 
however, has been confined to stations of very high ratings. 

There is much that may be said for their use and introduc- 
tion, but it is contended that these additional links indicate 
the ineffectiveness of switches, and, as this is so, a develop- 
ment for improving the rupturing value of the switch would 
be more consistent engineering practise. Weak points in a 
chain of electrical transmissions should be remetlied. Any 
duplication of linksintroduces further duplicated forces and 
increases possibility of failures. If a switch is unable to deal with 
the load, its function is destroyed. If, however, reactors are intro- 
duced to limit the current rise and its effect on the transmission, 
lines the position is changed, and as long as the resultant effect is 
controllable and of less danger than such a circuit without their 
introduction, then the design is justified. 

This paper is not intended to refer to reactors except in con- 
nection with the rateable value of the switch. The author 
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has already published calculations and experimental results of 
the effects of reactance on transmission circuits. Speed of 
operation is of importance for disconnecting the initial supply 
of generated forces, and the delay in opening is primarily re- 
sponsible for the insertion of reactance. Distortions resulting 
from initial rises are considerable, and their effects are de- 
creased in proportion to the increase of operating speed. 

Tests have been taken on an alternator for the purpose of 
ascertaining the short-circuit current at different speeds in 
opening. Alternators have variable characteristics and these 
results were taken from a 6000-volt, 5000-kw. machine with 
an estimated internal reactance of 3 per cent: 


Speed. Current. 
0.1 of a second. 30 times normal. 
0.3 « 20 us 
0.6 6 gs ae 
—.1 second. 8 ‘ee, 
) “ 3 “ 


In the actual tests taken on switches, referred to in the first 
portion of this paper, the switches opened, acting “‘instantane- 
ously,” in0.4 of a second; thus the current rise would be in the 
neighborhood of 17 times normal; or, when the switch is in the 
off position, eight times normal. The solution of the difficulty 
is in opening a circuit before such rises appear destructive, and 
on those grounds time delayed switches do not satisfactorily meet 
such a demand. With the above explanation the kilowatt 
capacity of a switch is dependent upon the time taken in 
opening the circuit, the initial rise being in inverse ratio to the 
time, fluctuating in proportion to the component elements of 
the circuit. Independent of these calculations there must be 
incorporated provision for excessive e.m.fs., and for the condition 
of generators being dead out of phase, by which we get full 
potential arfd a leading current if the field is broken. 

E.m.f. rises have been dealt with in the first portion of this 
paper, and are only referred to in this section as affecting kilo- 
watt capacity and its important bearing on the question. 

It might be assumed that from the above results of current 
rises a time delayed switch is more serviceable owing to the 
short-circuit current diminishing to within limits of normal 
rating. Provided such rises are of little danger to the gear or the 
system, there is no use of quick-acting switches or re- 
actances, and the switch installed may be of smaller dimen- 
sions than that of the quick-acting type proposed. 
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The insertion of 5 per cent internal reactance, limits the short- 
circuit rise according to the characteristic of the generator, 
to, say, 15 times normal, and 10 per cent reactance reduces the 
original capacity to half, such reactances being designed at 
percentage voltage drop at normal current and frequency. 

The question of external reactors forms a problem in itself, 
inasmuch as their situation on the system requires separate 
treatment. External reactors on the machine side of the 
system only limit the current that can pass into or out 
of it; thus several units could contribute a total rise in excess 
of such calculations, based on individual reactors. In the 
same way, feeder reactors might lead to some incorrect con- 
clusions, as the total rise on short circuit might be considerably 
above those permitted by each reactor. Sectionalized reactors 
in groups offer the same possibilities and may prove to be of 
little value whatever under any eventful conditions of disturb- 
ance. Switches situated beyond reactors in a feeder will be 
governed by the resistance and reactance, assuming current 
flowing one way, the result being a vector sum of the two 
quantities; thus, if we get 5 per cent resistance and 5 per cent 
reactance, we have 

V52+ 52 =7 per cent approx. 

If transformers (static) are controlled, their internal react- 
ance must be taken into consideration. 

Mr. Ferguson published in the Electrician, Dec. 5th, 1913, 
a table as below, forming a basis of design: 


Increased 
Normal Length of |Resistance | Reactance | Impedance | breaking Breaking 
kv-a. feederin |drop at full] drop at full | drop-at full | capacity of | capacity of 
plant. miles. | load of load of load of switch, switch in 
plant. plant. plant. (time substation. 
(per cent.) | (per cent.) | (per cent.) normal) ky-a 


10,000 3 4 5 6.4 ee) 7,700 
10,000 uh 8 5 9.4 Ing 5,300 
10,000 2 16 5 GET 3.3 3,000 
20,000 3 8 5 9.4 1.9 10,500 
20,000 1 16 5 16.7 3.3 6,000 

2 32 5 32.3 6.5 3,100 


20,000 | 


- These figures are from calculation, and are given to show 
their comparative values, and are obtained from a three-phase 
feeder, 6000 volts, 0.15 sq. in. section, neglecting inductance 
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and capacity. The question of method of operation enters largely 
into the discussion, whether the system is solidly earthed, par- 
tially grounded, or having an insulated neutral. The current in 
each feeder on grounded neutral can be limited by a resistance in- 
serted in the mid point of the star winding, the voltage to 
earth being proportional to the amount of resistance, and the 
current flowing. By such practises conditions worse than the 
unlimited rise of current can be obtained. Whatever system 
is adopted, the kw. capacity of the switch is again modified, 
and its design rated accordingly. It has been suggested that 
the rupturing value of a switch should be based on the watts 
dissipated at a definite temperature consistent with its other 
technical proportions, and in this connection it is very peculiar 
that rating errors are still published concerning the air-break 
switches where the watts dissipated at a definite temperature 
are omitted and the contact area and current density given. 
Most of such specifications disagree, with the result that 
the principal feature of a switch becomes obscured. As this is 
so on standards that have been built for years, a certain vari- 
ation may be permitted in calculations on recent-modern de- 
signs, but, at the same time, in theinterests of technical 
advancement, we should approach the question in a more 
serious manner, and endeavor to standardize on the best ~ 
scientific grounds. 
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Discussion ON “Arc PHENOMENA” (COLLIS), SAN FRANCISCO, 
CAL ~ SEPTs 1651915. 


E. B. Merriam (by letter): Mr. Collis has given us some 
very interesting data concerning arcs as influenced by the 
shape of contacts in oil circuit breakers. It will be observed, 
however, that his results were obtained with comparatively 
small currents and moderate operating pressures, 1.e., 200 to 
300 amperes at 6600 volts. Consequently, the arcs produced 
were comparable in magnitude with the contacts used and a 
very decided mutual influence should be expected. 

In actual operation, however, little difficulty is encountered 
in interrupting circuits of this magnitude. It is only when 
the currents are from 10 to 100 times the values of Mr. Collis’s 
tests that the circuit-interrupting limits of the available break- 
ers are reached. In connection herewith, we have made a 
large number of tests on high capacity circuits with currents 
of from 5000 to 20,000 amperes at 900 to 5000 volts, 25 and 
60 cycles. These tests have indicated that the arcs are so 
large when compared with the size of the contacts that the 
shape of the contacts has little influence on the circuit in- 
terrupting capacity of the breaker. As a matter of fact, I 
doubt very much if a breaker rated at 10,000 kv-a. could have 
its contacts so modified as to increase its rupturing capacity 
to 15,000 kv-a. Consequently, I think Mr. Collis’s results, 
while of considerable interest, are of academic value only and 
of but little assistance in practical design. 

In discussing the contacts of oil circuit breakers, however, 
it must be remembered that their principal functions are to 
carry and interrupt currents. Their shape is influenced not 
so much by the circuit interrupting capacity of the breaker 
as it is by their ability to withstand burning and yet retain 
their current carrying properties under these conditions. It 
is assumed, of course, in this discussion that the breakers are 
provided with suitable burning or circuit interrupting contacts 
as in all modern designs. These are usually so arranged that 
they remove the arc from the current carrying contacts and 
protect them from the burning produced by an arc. 

One point which is not mentioned is, however, I think, of 
considerable importance. This is the influence of the medium 
in which the arc is immersed, on its shape. We have found 
that while in oil an arc will assume various shapes, some of 
' which have been shown by Mr. Collis, that when an arc is 
immersed in a fluid such as carbon tetrachlorid or water, very 
different arc shapes are produced. Also we have found that 
the shape of the arc is greatly influenced by its proximity to 
the side walls or other boundary conditions encountered in 
the fluid container. 

It may be interesting to record that as far back as 1902, 


1942 ARC PHENOMENA [Sept. 16 


we investigated arcs under oil, observing their effects through 
transparent oil vessels. The first observations were visual 
ones made by means of a telescope. Later, Mr. Lichtenberg 
made a very interesting photographic study of transient arcs 
in oil. He developed and used a miniature oil circuit breaker, 
one model of which is shown in Fig. 1. This has a glass tube 
oil vessel and a moving contact, spring actuated, which moves 
upward when interrupting the circuit. The earliest pictures 
were taken about four years ago with an ordinary camera. 
A representative result, illustrated in Fig. 2, shows the arc 
formed when a 6000-volt, 25-cycle circuit carrying about 50 
amperes at 0.45 power. factor is being interrupted. The arcs, 
of which this is a sample, lasted about one-half cycle. Never- 
theless, he has recently been able to obtain a number of suc- 
cessive pictures of these arcs illustrating their formation, ex- 
pansion and extinction. One such record showing six stages 
of an arc is illustrated in Fig. 3, while Fig. 4 shows a similar 
analysis of the opening operation of a type F form H-3° oil 
circuit breaker. 

The method of force measurement described by Mr. Collis 
and illustrated in Fig. 11 of his paper has been used by various 
investigators for some time. It is open to the serious objec- 
tion, however, that it indicates the pressure or force at a point 
remote from the arc without in any way giving a clue to the 
pressures in the neighborhood of the are. It is becoming rec- — 
ognized more fully every day in this connection that arcs 
produced in oil while interrupting a circuit represent a form 
of transient phenomenon having a very intricate mechanism. 
We do know that the amplitude of the pressure wave created 
by the arc is transmitted through the oil at a very rapidly 
diminishing pressure rate but the results reported give no idea 
of this rate. Some tests which we have made indicate that 
the pressures in the neighborhood of the arc are of the order 
of 5000 or 6000 lb., while the maximum pressures recorded near 
the walls of the container have been of the order of 500 Ib. 

Speaking of force distribution in an oil circuit breaker, 
I cannot quite agree with Mr. Collis’s observations regarding 
switch bursts. We have found that the bottoms, as well as 
all four sides, of rectangular oil vessels wiil be distended as 
a result of the forces produced by the interruption of a circuit. 
This would seem to indicate that the pressures produced by 
an arc are approximately equal in all directions. I cannot’ 
but think that Mr. Collis has failed in his analysis to take into 
account the customary design of rectangular oil vessels for 
oil circuit breakers. . 

In the usual design of triple-pole oil circuit breakers, the 
oil vessels are rectangular having sides approximately equal. 
Those parallel to the plane of current flow are usually provided 
with fastenings for attaching the oil vessel to the frame, while 
those perpendicular to the current flow are not so reinforced. 
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It is perfectly natural in this case, therefore, that the sides 
perpendicular to the current flow being structurally weaker 
than the sides parallel thereto should be the first to give evi- 
dence of distress. It has been our experience, though, that 
too much stress should not be laid on the results of switch 
bursts or failures which occur under operating conditions since 
usually some point of importance in the operation of the de- 
vice is not available for examination at a time following such 
failure. In addition, the mechanical design of the vessel has 
considerable bearing on its performance under abnormal con- 
ditions. 

Mr. Collis refers to the increased resistance to breakdown 
which gases impose at high pressures, which leads us to be- 
lieve that this phenomenon is of assistance during circuit in- 
terruption under oil. As a matter of fact in an oil circuit breaker, 
we are concerned principally with arcs, t.e., withionized gases, 
which behave very differently from gases in which there are 
but few free ions. It will be interesting to learn more about 
the properties of gases under pressure, arcs in oil and the vacuum 
created by an arc. These points, if adequately explained, 
will go a long way toward solving the problems in hand. 

No data are presented by Mr. Collis to substantiate his claim 
that rupturing arcs by a multiplicity of breaks or gaps, or 
by the addition of a shunted resistance, is not along the lines 
of correct development. Yet he states that a multiplicity of 
breaks increases the rapidity with which the circuit may be 
interrupted and for heavy duty switches is a necessity. It 
will be interesting to obtain the view of oil switch designers 
and experimenters and other interested individuals along this 
line of reasoning. 

The speed of operation of an oil switch or circuit breaker 
is discussed by Mr. Collis. As I have previously pointed 
out, however, care must be taken in such discussions to dis- 
tinguish between the so-called mechanical and electrical time 
of a switch. The so-called mechanical delay is the interval 
between the instant the overload relay, or trip, or other re- 
lease-actuating device of an oil circuit breaker is energized 
and the instant the oil circuit breaker contacts part. The 
so-called electrical time is the interval between the instant 
the contacts part and the instant the circuit is interrupted. 

A better understanding of these intervals may be obtained 
from Fig. 5. The so-called mechanical delay would then be 
of the order of about 0.22 second, while the electrical time 
would be anything between zero and 0.33 second. The me- 
chanical time may vary within wide limits, depending on the 
setting of the relay, the time delay of the mechanism and 
other operating details. The electrical time will vary through 
rather narrow limits, however, depending principally on the 
current, voltage and power factor of the circuit to be inter- 
rupted, the velocity with which the contacts part and the 
medium in which the arc is developed. 
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It is obvious from this explanation that Mr. Collis’s quick- 
acting switch is one which has a short mechanical delay and 
that it will be called upon to open the circuit at a less favor- 
able point of the current transient (see upper curve of Fig. 5) 
than one having a longer mechanical delay. Hence, a breaker 
with short mechanical delay will need to have a much larger 
circuit interrupting capacity than one having a long mechanical 
delay. This point has usually been cared for in the recommenda- 
tions of American manufacturers but I have thought it ad- 
visable to again call attention to it as Mr. Collis’s treatment 
may lead to a misunderstanding since we have a different 
meaning of the term quick-acting switch. We usually under- 
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stand such a device to be one in which the electrical time is 
short, not the mechanical time. 

So far as our experience goes, we find that no serious abnor- 
mal voltages are introduced into a circuit if the electrical time 
of the breaker is so short that it interrupts the circuit in not 
less than one-half cycle. Up to the present time, however, 
the mechanical difficulties encountered in making a suitable . 
breaker mechanism so that a circuit will be interrupted in less 
than one-half cycle, even on a 25-cycle circuit, have been so 
great that the devices proposed are yet in an experimental 
stage. It is not, therefore, to be feared that any quick-acting 
circuit breaker now on the market, or likely tobe introduced 
in the near future, will produce dangerously high pressure rises 
in the circuits to which they are connected. 

In connection herewith, it is interesting to note that Mr. 
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G. Faccioli presented a paper before the Institute about four 
years ago in which he gave oscillograms of pressure rises when 
various portions of high-pressure circuits were connected and 
disconnected from large power systems. These oscillograms 
will go far to substantiate the pressure rises observed by 
Mr. Collis by means of spark gaps. 

On the last page of his paper, Mr. Collis mentions the watts 
dissipated by air-break and oil-break switches, hinting at a 
possible connection between the energy dissipated and the 
rating of the switch. It will be very interesting to learn more 
concerning the amount of energy dissipated’ in switches when 
interrupting circuits and its relation to the circuit interrupted. 
Also it will be instructive to know the relation between kilo- 
watt rupturing capacity and the ‘‘compound unit volume” of 
a Switch. 

Chester Lichtenberg: Mr. Collis gives tables and records 
briefly descriptive of the circuit interrupting eharacteris- 
tics of several types of d-c. circuit breakers. The impres~ 
sion gained from them is that an oil-break switch will pro- 
duce a lower pressure rise when interrupting a d-c. circuit 
than a magnetic blowout circuit breaker. This is contrary 
not only to the physical phenomena, which we believe to ac- 
company the interruption of such a circuit by these two classes 
of devices, but is also in direct variance with the experiences 
we have gained from a large number of d-c. circuit interrupting 
tests with various kinds of breakers. 

Consider a magnetic blow-out circuit breaker such as ordi- 
narily used on power circuits. It will usually have a series 
blow-out coil whose electrical dimensions are small compared with 
the electrical dimensions of the circuit to which it is connected. 
Then during a circuit interruption, when the breaker contacts part 
and the magnetic blow-out coil is introduced into the circuit, 
there will be produced no appreciable alteration in the current. 
Also, since the magnetic circuit of the breaker has an air gap 
of high reluctance when compared to the rest of the magnetic 
circuit of the breaker, the magnetic field will be quickly formed. 
This field acts to distend the arc and produce a diminution in 
the circuit current by increasing its resistance. At first, the 
effect of the blow-out is strong since the current is high and 
the resulting field intense. As the circuit current diminishes, 
however, the blow-out field diminishes in intensity and co- 
incidentally the blow-out effect is reduced until at the end of 
the cycle, the arc is gradually extinguished. 

Now, consider an oil circuit breaker interrupting a d-c. 
circuit. When the contacts part, an arc is formed. This 
acts on the oil and gasifies it, producing a relatively high pres- 
sure in the immediate vicinity of the contacts. The gaseous 
body, being initially equally resisted in all directions, assumes 
a spherical shape as indicated by the photographs discussed 
by Mr. Merriam. This shape is retained until, through ex- 
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pansion, unequal external pressures are exerted on the gaseou- 
body by the walls, or barriers, or other parts of the contains 
ing vessel. Then the gaseous body shape changes and finally 
it breaks, resulting in an explosion which extinguishes the arc. 

The effects on the circuits when these two types of circuit 
breakers are used to interrupt an inductive d-c. circuit are 
shown by the two representative oscillograms reproduced as 
Fig. 6 and 7. The magnetic blow-out circuit breaker record, 
Fig. 6, is that of the interruption of an inductive d-c. circuit 
carrying 1450 amperes at 2400 volts. The circuit breaker had 
a series coil which was connected in the circuit by the parting 
of the circuit breaker contacts. It is seen that the arc lasted 
0.20 second and that at its extinguishment a pressure rise of 
410 volts, 2.e., 17 per cent of the line pressure, was produced 
in the circuit. The oil circuit breaker record, Fig. 7, is that 
of the interruption of an inductive d-c. circuit carrying 500 
amperes at 550 volts. The arc lasted 0.05 second and at its 
extinguishment a pressure rise of 5500 volts, 7.e.,.1000 per cent 
of the line pressure, was produced in the circuit. : 

The two oscillograms shown are representative of several thous- 
andtests. Itisseen therefrom that when a magnetic blowout cir- 
cuit breaker interrupts a circuit, the current seems to diminish 
rapidly at first and then more slowly until it is gradually re- 
duced to zero. When an oil circuit breaker opens a d-c. circuit, 
however, the current is diminished with increased rapidity 
until at the end, it is suddenly reduced to zero very rapidly. 

Mr. Collis leads one to conclude that the magnetic blow-out 
circuit breaker with a strong magnetic field produces a lower 
pressure rise than one with a weak magnetic blowout field. 
This reasoning is based on tests given in Mr. Collis’s book on 
“High and Low-Tension Switchgear Design” but seems to be 
neither clear nor comprehensive. . : 

Our experiences have indicated’ quite contrary results to 
those cited by Mr. Collis. This may be because all the factors 
in the operation of a magnetic blow-out circuit breaker have 
not been considered by him. One of these is that the elec- 
trical dimensions of the usual magnetic blow-out circuit breaker 
are small compared with the electrical dimensions of the cir- 
cuit which it is interrupting. Another of these factors is the 
variation of performance with current. 

If we subject a magnetic blow-out circuit breaker to a series 
of tests at constant pressure but gradually increasing currents, 
we find four distinct zones of operation. At relatively 
low currents, the circuit is interrupted slowly and the are is 
of a “‘flary’’ nature. With larger currents, the circuit is inter- 
rupted more quickly and the arc is ‘‘ snappy,” the circuit in- 
terruption being accompanied by a sharp report. At still 
larger currents, the circuit interruption is still more rapid but 
the arc tends to hang and its extinguishment is accompanied 
by a “tearing” noise. If the current is still further increased, 
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a point will be found at which the arc holds and the circuit is 
not interrupted. This indicates that with small currents, the 
effect of the magnetic blow-out is small. With larger currents, 
it becomes more effective, until a point is reached where the 
volume of the are increases more rapidly than the blow-out 
effect and the arc holds. 

Ford W. Harris: We are at the present time seeking 
light by which to design oil switches. Mr. Collis presents 
this paper based largely on tests of 200 and 300 amperes at 
6600 volts. The very poorest and cheapest of oil switches 
will open many times this current without injury. In fact, 
switches of the type illustrated will safely open at least ten 
times this current. Just what value tests of this magnitude, 
or results or conclusions based on such tests, may have, does 
not appear. 

The photographs of arcs in oil switches differ from any that 
I have ever seen, and are entirely at variance with all the tests 
which I have ever made. For example, Fig. 5 of the paper, which 
I understand is a photograph of the opening of the switch shown in 
Fig. 6, is most amazing. We have ordinarily put the “ trail- 
ing pieces’’ on switches to take the final arc, and we find that 
even on very heavy overloads no arcing takes place between 
the main contacts which are shunted by the trailing pieces 
until the main contacts have fully opened. Yet Fig. 5 shows 
an astonishingly even arc all over these contacts following the 
contour as evenly as if it were traced on the side of the tank 
by a master draftsman. 

Mr. Collis’s remarks and figures as to pressures are equally 
surprising. For example, he shows that in Fig. 1 with a 200- 
ampere, 6600-volt arc a pressure of 70 lb. per sq. in. was reg- 
istered 23 in. from the arc. This pressure is many times that 
observed on real short circuits of say 5000 amperes, and I 
feel that there must be some error. Any such pressure would 
undoubtedly tear out the thin metal sides of the cheaper forms 
of oil switch like so much tissue paper. Yet these switches 
in daily service open currents of many times 200 amperes at 
6600 volts without even throwing oil. 

Mr. Collis should state briefly his reasons for believing 
the following statements to be true. 

(a) “ The larger the lateral size of the contact the greater 
the effects of the explosion will be felt.”” To my mind it is 
hard to conceive how the shape of a contact can govern the 
transmission of pressure through a liquid medium. 

(b) “‘ The volatilization of the oil and its quiescency is: of 
importance in destroying a vacuum created by an arc.” Just 
what is meant by the quiescency of the oil, and how does an 
arc form a vacuum? 

(c) “ Rupturing the arc by a series of gaps and resistances 
does not appear to be the correct line of development, as apart 
from the increased size of the switch and the relative merits 
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of sustained arcs the creation of a number of coreless vortices 
defeats the primary object of the switch designer.” How 
are the coreless vortices formed, what harm do they do, and 
how do they defeat the object of the designer? 

(d) ‘‘ Fig. 9 illustrates the large amount of gas force exposed 
to the oil.”” What is gas force, and how is it, exposed to the 
oil? 

(e) ‘‘ Academically it (kw. capacity) is understood to mean 
the compound unit volume of a switch.’”’ What is the com- 
pound unit volume of a switch, and how is it related to kw. 
capacity? In our usual practise in this country we do not 
rate an oil switch solely on its cubical contents, as we think 
that the speed of break, and other considerations, enter into 
the value of this term. Where is the term so “academically 
understood’’? ‘ 

Mr. Collis’s oscillograms, Figs. 15, 16, and 17, are represen- 
tative of many tests on heavy currents. The method of con- 
nection shown in Fig. 18 is not, however, the most convenient 
one, as the potential element of the oscillograph is connected 
directly to the generator terminals. A better method is to 
connect one terminal of the potential element to the line term- 
inal of the pole of the switch to be tested. In this way the 
opening of that’ pole will cut off the voltage wave if that par- 
ticular peak opens the circuit. If the circuit is opened pre- 
maturely somewhere else the current wave ceases before the 
voltage wave. This method of connection is standard in 
such tests in this country. 

Considering the oscillograph records, Figs. 15, 16, and 17, 
in Mr. Collis’s paper, it may be said that these are fairly 
representative of the conditions under which a circuit breaker 
opens. It is evident from inspection of these records that the 
events recorded on the left-hand side of the record occurred 
first. . This is shown by a sharp drop on the heavy line which 
represents the voltage curve, this drop being due to the sudden 
application of heavy current. It is also evident from the fact 
that the current line rises very sharply to meet the normal 
curve of the current which thereafter follows. It is also evi- 
dent from the fact that the current gradually decreased there- 
after, this decrease being due to a gradual dying down of the 
current as observed in many tests of this kind. It is also 
evident from the small peak of the voltage wave at the instant 
the circuit is broken. . 

While these records show that the current wave resisted 
for seven alternations, five alternations, and five alternations 
respectively, it must not be supposed that the actual arc be- 
tween the contacts held on for any such a length of time. 
It was, of course, necessary for the armature of the trip coil 
to move, for the latch of switch to be released, and for the 
mechanism of the switch to move sufficiently to separate the 
contacts before any actual arcing between the contacts took 
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place. As a matter of fact, in switches of this type operating 
on currents of about the magnitude shown in these records, 
it has been found that the actual duration of the arc between 
the contacts is practically always less than one alternation. 
On heavier voltages, or in cases where the switch was seriously 
injured on such tests, the current has been observed to hold 
over, but in successful tests at 11,000 volts and below, the first 
current alternation .after the arc starts is the last. This may 
be regarded as normal operation. In other words the first 
_ six alternations of the current wave in Fig. 15 represents the 
time taken by the switch in getting under way, and a portion 
of the last alternation shown at the right-hand side of the 
negative, and above the zero line, represents the actual dura- 
tion of the are in the switch. 

Careful measurements of the voltage of arcs across the con- 
tacts at the instant of opening show that such arcs are of quite 
low voltage, and that they terminate practically at the cur- 
rent zero line. 

Unfortunately the peaks of the current waves in most of 
Mr. Collis’s records go off the film so that it is impossible to 
exactly place them. Many tests made by the writer indicate, 
however, that the last wave on which the break takes place 
is rarely materially lower than would be expected from the 
natural decrease of the current. In other words the resistance 
of the arc under the oil is not sufficient to materially alter the 
height of the current wave above the zero line. This is very 
different from the conditions found where air-break switches 
open direct currents. In a gravity-accelerated oil switch the 
switch contacts in a single alternation can move only a very 
short distance, probably less than } in., and one would not 
expect an arc of 2300 amperes, and } in. in length, to have 
any material resistance. 

It is to be noted that the current in the records shown in 
this paper ceases absolutely at the zero line, this also being the 
case in oscillograph records of each test which the writer has 
examined. It is evident that the are is holding over strongly 
as the current values approach zero, and it is evident that 
as the current values seek to cross the zero line something 
happens that makes it impossible for the current to reverse 
its direction. The writer cannot conceive that this is any 
physical movement of the oil. In other words when the curve 
reaches the zero line a very heavy arc acting on a hydrocarbon 
oil produces a considerable pressure thereon. The writer 
cannot believe that,in the small fraction of a second that it 
takes for the current to cross the zero line, this pressure 
can decrease to zero or below, and that the surrounding oil 
can be accelerated and projected into the arc area to a suf- 
ficient degree to produce any material change in the con- 
ditions in that area. ‘ 

It is my personal opinion that what has occurred is this: 
The heavy arc has been drawn through a hydrocarbon oil 
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and the intense heat thereof has vaporized a portion of the 
oil producing a hydrocarbon vapor, and very possibly free 
hydrogen. These hydrocarbon vapors are mixed with metallic 
vapors, the are path consisting of a mixture of hydrocarbon 
and metallic vapors. In any ordinary current the proportion 
of hydrocarbon vapors is probably far in excess of the metallic 
vapors. The gases in the arc path must act as a rectifier, that 
is they resist reversal. 

In all his examinations of oscillograph records of heavy 
short-circuit tests made at voltages below 11,000 volts, the 
writer has never seen a record of a successful switch opening ~ 
in which the arc has held for more than one alternation. In 
other words where the switch has successfully opened the 
circuit, it has done it in one alternation of the arc. 

To determine these facts it is, of course, necessary to use 
refinements of testing not disclosed in Mr. Collis’s paper. 
For example, it is necessary to use several oscillograph ele- 
ments, taking a voltage reading across the break, another be- 
yond the break, and one at the machine terminals. It is also 
desirable to take the current in more than one phase, and 
preferably in all three phases. The writer has also found it 
very desirable to provide auxiliary contacts on the switch 
mechanism so that the exact degree of separation of the con- 
tacts can be determined by the oscillograph at any point on 
the current or voltage waves. 

Summing up the writer’s view of the case, it may be said 
that an oil switch does not open the circuit by any quenching 
or cooling action of the oil itself. The arc is drawn through 
a hole in the oil which is filled with hydrocarbon and metallic 
vapors, and the nature of this arc is such that normally no 
reversal of current is possible. So far as I am aware this is 
a new theory of oil switch action. While it is entirely possible 
that I am in error in this connection, I believe this theory 
to be supported by the many experiments and tests which I 
have analyzed, many of which have been published. 

W. D. Peaslee: I feel that there is a little divergence of 
view in the paper and discussion as presented. Consider 
these pressures, for instance,. which Mr. Collis gives, of 70, 
63, 61, 78, etc., and some mentioned in discussions going to 
5000 lb. If you take a charge of gun cotton and explode it 
in a large body of water, you will get low pressure under certain 
conditions. If you then explode the gun cotton in a steel 
case you will get high pressure. As to the form of switch 
where the arc is thrown out through a series of baffles, it has 
been my understanding from conversations and arguments 
with the manufacturers of that switch, especially in connec- 
tion with competition on commercial bids, that the arc is 
blown out violently by the cannon-like action of the arc gases 
blowing through these holes and flowing around the baffles, 
and that the arc is confined in a large steel case for the purpose 
of generating these high pressures. 


1915] DISCUSSION AT SAN FRANCISCO 1951 


The pressures given by Mr. Collis are obtained in a free 
body of oil and are simply a measure of the diffusion of the 
traveling wave of force through a free body of oil. As to the 
6600-volt, hand-controlled switch, if you take that and fill 
it with oil, so there is no airin it, and create an arc in that switch, 
you would find that the same pressures appear. You will 
have high pressures in any confined space in which explosions 
take place, but we all know the oil switch is not built that way. 
The ordinary small capacity oil switch of 6600 volts, 200 am- 
peres, is built with a free body of oil, and the wave of force 
which goes out dissipates itself very largely in the boiling. 
I remember back in 1907 opening some of the old type of oil 
switches we have here on the Pacific Coast, and opening them 
on short circuits of 66,000 volts. I know that the oil went up 
around the ceiling and the top of the oil switch went up and 
all sorts of things happened. There was not much force there, 
probably not more than 400 or 500 lb. per sq. in., but if the 
switch had been confined in a steel case there would have 
been very high pressure. 

As to the multiplicity of breaks, I think that the various 
discussers and the author are considering the matter from 
entirely different viewpoints. 

As to quick-acting switches Mr. Collis says: “In com- 
parison, a quick-acting switch must have a greater rupturing 
capacity than those of the slow type, their rates being, within 
limits, proportional to their time elements.’ We have had 
a long discussion, and at the end of it I think only one of the 
discussers missed quoting that sentence, stating that without 
the aid of a diagram it is difficult to understand. I think 
the apparent variations in the discussions are due to the fact 
that we are not discussing the same thing. 

In reference to the magnetic blow-out, I have done some 
oscillograph work on that myself, and I think the difference 
here is that a voltage rise may be on the line or across the 
switch. You will note that Mr. Collis says: “Apart from 
the time taken in opening the circuit the extra inductive rise 
is due to the separate coil for the production of a magnetic 
field. This coil is short-circuited when the breaker is in the 
closed position, but in series with the line when opening the 
circuit. As there is an appreciable time taken up in the build- 
ing of this field, which is not at its greatest density when the 
arc is first formed, a choking effect is introduced and the re- 
sistance being low, the back e.m.f. assumes a high value, so 
that if the turns are doubled the induced e.m-f. is quadrupled, 
the current being one-fourth.”’ I think that is simply another 
case of working on two different things, the discussers re- 
ferring to one pressure rise, that on the line, and from my 
impression of the paper I think Mr. Collis’s references are to the 
pressure rise across the switch. 
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EXPERIMENTAL RESEARCHES ON SKIN EFFECT IN 
CONDUCTORS 


BY A. E. KENNELLY, F. A. LAWS AND P. H. PIERCE 


ABSTRACT OF PAPER 


The results are given of about one hundred series of tests, 
each covering a range in frequency up to about 5000 cycles 
per second, on the impedance of long loops of parallel con- 
ductors of different metals, sizes, and cross-sectional forms. 
The measuring apparatus is detailed. The theory of the skin 
effect in solid rods and in indefinitely wide flat strips is 
appended in a new and simplified form. 


HE FOLLOWING researches were conducted, under an 
appropriation from the American Telephone and Tele- 
graph Co., at the Massachusetts Institute of Technology in 
the Research Division of the Electrical Engineering Depart- 
ment, during the year 1914-15. In the early part of 1914, they 
were carried on under the directorship of Prof. Harold Pender. 
They date their origin, however, to M. I. T. thesis work under- 
taken in 1912-13. 

Brief Early Historical Outline of Skin Effect Research. ‘The 
first mathematical discussion of auto-distorted alternating- 
current density in a wire appears to have been given by Max- 
well in 1873. Heaviside contributed an extensive mathematical 
literature to the whole subject in 1884-1887. J. H. Poynting 
also contributed to the mathematics of the subject in 1884- 
1885. Hughes developed the experimental side of the subject 
in 1886. Lord Rayleigh in 1886 first gave the formula for 
skin effect in an infinitely wide strip. Dr. H. F. Weber in 
1886, J. Stefan in 1887 and O. Lodge in 1888 contributed further 
material. Lord Kelvin gave the expression in ber-bei functions in 
1889. Hertz in 1889 and Sir J. J. Thomson in 1893 discussed the 
subject both from the experimental and mathematical stand- 
points. Mr. J.Swinburne used the term ‘“ skin-effect ” in 1891.7 

1. Discussion on the paper of Dr. J. A. Fleming, ‘‘ On Some Effects 
of Alternating-Current Flow in Circuits having Capacity and Self-In- 
duction,’ Journal Institution of Electrical Engineers, London, Vol. 
XX, May 1891, p. 471. 
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Current-Distortion Effects. The phenomena to be discussed 
relate to distortions in the distribution of current-density over 
the cross-section of conductors, and may therefore be summed 
up under the title of ‘‘ current-distortion effects.’ These effects 
may be subdivided into three classes as follows: 

1. An effect due to disturbance of current density in a con- 
ductor due to the alternating magnetic flux linked with the 
same, as in the case of simple, straight, round wires remote 
from return conductors. This is the “ skin-effect.” It may be 
regarded as due either to imperfect penetration of electric cur- 
rent into the conductor, or to the greater reactance of the 
central core of the conductor with respect to the surface layer, 
whereby the current density is less on the inside than on the 
outside. 

In a uniform solid round wire, the skin effect is symmetrical 
with respect to its axis. In solid wires of other than circular 
form, the skin effect is, in general, dissymmetrical. 

2. An effect fourid in spiralled stranded conductors and due 
to the reactance of the spirals. This has been called the “ spir- 
ality effect.’ 

3. An effect found in parallel linear conductors of any cross- 
sectional form when in proximity, owing to the alternating 
magnetic flux from one penetrating the other. This may be 
called the “‘ proximity effect.” 

The entire phenomenon of current-distortion effect, includ- 
ing the skin effect as a subtype, may nevertheless be referred 
to broadly as “skin effect” in conformity with current usage, 
unless a distinction is called for. 


APPARATUS EMPLOYED 


The Mutual Inductance Bridge. Professor Hughes, on as- 
suming the presidency of the Society of Telegraph Engineers in 
1885, delivered an address on ‘‘ The Self-Induction of an Elec- 
tric Current in Relation to the Form of its Conductor.” In 
carrying out the experiments there described, he used a form 
of bridge, which is diagrammatically shown in Fig. 1. Its 
peculiarity is that an emf. is introduced into the detector 
circuit by means of a variable-ratio air-core transformer, or 
mutual inductance, shown at m in the diagram. The detector 
current can be brought to zero by adjusting the bridge arms 
and the mutual inductance. In the original paper, owing to 
an inadequate examination of the theory of this arrangement, 
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the results obtained were misinterpreted. Professor Hughes’s 
paper precipitated a lively discussion, in which Lord Rayleigh, 
Sir Oliver Heaviside and Professor H. F. Weber participated. 

One of the by-products of this discussion was the formulation 
of the complete theory of the Hughes bridge, by Professor 
Weber and Lord Rayleigh. Mr. Heaviside also showed that 
the arrangement used by Professor Hughes was not as simple 
in its action as that obtained if the mutual inductance is in- 
serted between either the supply circuit or the detector circuit, 
and one of the bridge arms. Both the Hughes and Heaviside 
bridges are shown in Fig. 1. The Heaviside bridge has been 
employed in all the work here reported. 

The conditions for balance in the Heaviside bridge may be 
deduced thus: 


d 
w--------= Detector or Source ~--------= 
HUGHES BRIDGE HEAVISIDE BRIDGE 


Fie. 1 


The impedances of the bridge arms are denoted by Z and 
the mutual inductance by m. The r.m.s. current in any arm 
is denoted by J with the subscript designating the arm. 

At balance, the currents in the arms M and W are equal, 
likewise those in X and P. 

The potential difference between a and b, reckoned through 
the arm Z, must be the same as that via the arm Zx, and the 
detector circuit, and that between b and c, reckoned through the 
arm NV, must be the same as that via the detector circuit and the 
arm P. Consequently 


Zulu = ZxIxy + jmw Ix wolts, Z?7_(1) 
Zitlwmane = ble eg wd volts Z (2) 


ST 

2. The sign Z following the unit of an equation indicates that each 
side of the equation and every separate term thereof is to be considered 
as a “complex quantity,’ or plane vector. 
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Therefore 


et gis ailk eee numeric Z (3) 


In these experiments, an equal-arm bridge was used, with 
reference both to resistance and inductance; so that 


Vir Ae ohms Z (4) 
and the condition for balance becomes 
Le Ze S82 JMB ohms Z (5) 


If Rp’’, Lp’’, Rx’’ and Ly"’, are the total resistances and induct- 
ances of their respective bridge arms, then 


Rat eR kg On ee ee ohms Z (6) 


Fic. 2—ARRANGEMENT OF HEAVISIDE BRIDGE 


Separating the quadrature components, we have 


ReigeotRedt ohms (7) 
Le SSL Sete 2m henrys (8) 


as the conditions for balance. 

As we have to deal with small resistances, the most satisfac- 
tory method of varying the resistances of the bridge arms is to 
use a slide wire, as indicated in Fig. 2. Also, to eliminate ex- 
traneous resistances and inductances, it is advisable to work 
by the method of differences, two balancings being taken, the 
first, with the loop short circuited, the second, with the short 
circuit remoyed. 

Actual Construction and Arrangement of the Bridge. To avoid 
trouble from stray fields, the various fixed coils of the bridge were 
wound on wooden rings, as indicated at M, N, X and P, Fig. 3. 
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The turns were fixed in position, by being wound in carefully 
spaced saw-cuts. Eddy current effects in the mutual inductance 
(arms X and P) were avoided, by using for the primary winding 
a conductor made of 90 strands of No. 30 B and S enamelled 
copper wire (diameter of each strand 0.255 mm.). 

The primary winding of the mutual inductance was covered 
with a layer of tape. A thin, hard rubber ring with equally 
spaced radial saw-cuts served definitely to fix the secondary 
winding, which was carefully wound outside of the primary; 
so that it was spaced as nearly uniformly as possible, the aim 
being to obtain a uniform mutual inductance per turn. By 
means of the radial arm, A, the number of active secondary 
turns can be varied form 0 to 89, by single-turn steps. Values 


Fic. 3—ActTuaL ARRANGEMENT OF BRIDGE 


intermediate between those given by two consecutive turns, are 
obtained by the use of the fine adjustment coil, shown at F A. 
This coil of three rectangular turns, each 2.56 cm. X 3.5 cm., is 
mounted within the wooden ring, as shown, and in such a manner 
that it can be rotated about its longer axis, to include a greater 
or lesser amount of the flux within the primary winding. 

The change of mutual inductance due to turning the small 
coil, from the position of minus maximum to that of plus maxi- 
mum, is somewhat greater than that due to one turn of the fixed 
secondary. The head, by which the position of the small coil is 
read off, is so graduated that one reads directly to tenths of a 
fixed turn, and, by estimation, to hundredths. 

Twisted pairs of wires are used for all connections, and are 
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cleated to the table, so that they occupy fixed positions. The 
positions of the leads ef and g h, are fixed with reference to the 
slide wire. Any induction effects are thus rendered definite, 
and independent of the position of the telephone, which was used 
as the a-c. detector. Contact between the slide wire and the 
lead e f is made by a sliding spring clip. The functions of the 
switches shown in Fig. 3 are as follows: 

By means of S; either direct or alternating current may be 
supplied to the bridge. 

Sy is a mercury switch, with ample contacts, by which the 
arms M and N may be reversed. 

S3 allows either the galvanometer or the telephone to be used 
as a detector, for d-c. and a-c. bridge balances, respectively. 

S4 reverses the terminals of the secondary winding of the 
mutual inductance. 

In order to cover the entire range of the loop resistances in 
these experiments, it was necessary to use two different slide 
wires. Each wire was arranged together with its lead, ef, on 
a meter stick, so that the change from one to the other could be 
effected with little trouble. To avoid any indefiniteness due to 
contacts, the joints at the ends of the slide wire were always 
soldered. Table I gives the data of the slide wires used. 

Check measurements of standard resistances and inductances 
were made at different times with the testing apparatus to make 
sure that it was in good order. 


TABLEI, SLIDE-WIRE DATA. 


Change in induct- 


Gage Resistance ance by moving 
Slide wire B.&S. Material ohms per cm, slider 2 cm. 
number B L 
= abhenrys 
1 8 German silver 0.000280 8.9 
2 11 German silver 0.000810 8.2 


Change of inductance per turn of the mutual inductance winding, 
K = 1342 abhenrys per turn. 


The Loop of Conductors under Test. The conductors under test 
were arranged in a single long loop, with parallel sides. They 
were placed out of doors, about four meters from the ground, and 
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rested either on glass insulators or on dry wooden supports, as 
occasion offered. By the use of tackles, the wires could be drawn 
taut, their positions being thus rendered definite. Fig. 4 is 
from a photograph of the loop, taken from one end of the alley. 
Fig. 5 (which is not drawn to scale) shows the arrangement of the 
line terminals. The short links allow the line to be transferred 
from position 1 to position 2 in the bridge, see Fig. 3. The link, 
mounted on the spring, is for the purpose of short circuiting the 
line, as above mentioned. Its action is controlled at the obser- 
ver’s position in the testing room by the use of the electromagnet 
M. 

The observations are made as follows: The test loop is con- 
nected by the mercury cups to the bridge leads 1, (Fig. 3) while 


pean TO TACKLE 


TO ANCHOR <=> 


eS 


TO TACKLE 


Fic. 5—LINE TERMINALS 


the bridge leads 2, are short-circuited. Two sets of readings are 
then made, first with direct and then alternating currents; one 
set with the line short-circuited, and the other with the short- 
circuit removed. The ratio arms, M and N, are then reversed 
and the readings repeated. The line is then transferred to the 
other side of the bridge; that is, to the leads 2, while leads 1 are 
short-circuited, and four more sets of readings are taken. The 
arithmetical mean result, given by the various sets of readings, 
is used in the computation. 

During the balancings, the frequency is determined by the 
arrangement later described. A typical set of readings is shown 
in Table II. The theory of the a-c. bridge balance, applied to 
the actual construction, is given in Appendix I. 
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TABLE II. 


Sample of a set of observations and calculations at one frequency in determining the skin 
effect of the No. 0000 solid copper wire, spaced 60 cm. between conductors. 


Using Slide Wire No. 1. 


Temp 
deg. Freq. | Arms | lo’ 1,’ no ny lo ly 1y’—lo’| Ly —lo |n1— 20 
cent, ’ cm. cm, | turns 
25.6 | 1600 I | 51.42} 84.62) 4.32 | 43.32) 53.15] 69.22) 33.20] 16.07} 39.00 
II | 54.25) 88.40] 4.47 | 43.58] 58.15] 74.35] 34.15) 16.20] 39.11 
III | 50.66] 18.55) 5.28 | 44.33) 52.55) 36.60| 32.11] 15.95} 39.05 
IV | 53.51) 22.12) 5.12 | 44.07) 57.56) 41.72) 31.39] 15.84) 38.95 
1 32.71) 16.02} 39.03 
D-C. Resistance R =k( — lo) (A) 
= 0.00056 X 16.02 = 0.008972 ohms 
Re ly’ — Io’ Beda al: 
Skin Effect Resistance Ratio ——- = ———"—_ = = 2.042 (B) 
R iia 16.02 
Total Inductance of Loop L= Ea Sno) wa’ — lo’) (C) 


= 1342 X 39.03 + 8.9 X 32.71 
= 52378 + 291 = 52669 abhenrys 
© 
CALCULATION OF INDUCTANCE OF LOOF 
In the calculation of the inductance of the rectangle of conductor, the following formula 
was used. It isa slightly modified form of formula 107 by Rosa and Grover in the Bulletin 
of the Bureau of Standards, vol. 8, p. 155. 


Lmao wee2h 4 2 toe ae Mz? 
a a 
a(1+°) 


=A4+C (a + 5) (D) 


where a = cm. length of rectangle 
6 = cm. distance between axes of wires 
d cm. diameter of wires 
A abhenrys external inductance 
Lye 
C= La = skin effect inductance ratio 


d 
oa + C (a + 6) 


ll 


C (a +b) abhenrys internal inductance 
L = abhenrys total inductance 
In the sample case given above 
a = 2703.6 cm. 


’ = 61 cm. 
d = 1.168 cm. 
L = 51082 + 2764C 
At O frequency C = 1 
and Li = 2764 
At 1600 ~ Li’ = 52669—51082 = 1587 abhenrys 
af eal, 0.5742 
Li 2764 ; 
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Electromagnetic Revolution-Counter. It was necessary for the 
observer to work in a soundproof room, distant from the ma- 
chinery of the laboratory. Therefore, to facilitate the deter- 
mination of the frequency, which must be measured with pre- 
cision, the following arrangement was designed and constructed, 
with the object of determining by means of a stop watch, the 
time necessary for the completion of a given number of hundreds 
of revolutions of the generator. The device (Fig. 6) consists 
_of two members—a contact device which closes a circuit at the 


Fic. 6——ELECTROMAGNETIC REVOLUTION COUNTER 


completion of each one hundred revolutions of the generator 
shaft, and a device for properly pressing the catch of the stop- 
watch. Fig. 6 is a schematic diagram of the apparatus. 
The contactor is at CW. It consists of a worm and wheel, 
with a ratio of 100 to 1. The wheel carries an arm which, once 
every revolution, completes the circuit between a and b. The 
magnets M, and M, are thus energized. The gearing runs in 
a grease box, and a simple coupling, K, permits of its ready 
attachment to any machine. The function of the magnet M2, 
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is to press the catch of the stopwatch. The watch, being set 
‘at zero, on the first contact after closing the switch, S W, the 
armature A» is drawn down, and the stop watch is started. As 
A» moves down, the latch Sy slips over it, and holds it in the 
depressed position. This prevents the succeeding contacts from 
stopping and restarting the watch. At the initial, and at every 
succeeding contact, the magnet M, is energized, and, by means 
of the ratchet spring S». advances the wheel R W one tooth, 
in opposition to the spring S;. S3 is the retaining pawl, which 
bears so heavily on R W, that it also serves as a brake, and 
prevents sudden impulses of M, from advancing R W more 
than one tooth at a time. After a definite number of con- 
tacts determined by the position of the pin P, the arm R, en- 
gages with S,, and allows the armature A» to rise. At the next 
contact, the armature is again depressed and locked. The 
watch is thus stopped at, say, the completion of 1000 revolu- 


To Bridge 


Pain | 

To Detector 
To 700 Cycle 
Generator 


Fic. 7—TELEPHONE SENSITIVITY MAGNIFIER 


tions of the generator. Further operation of the device is then 
prevented, for the arm RF is arrested against the spring So. 

The resetting is accomplished by depressing the lever L. 
The springs S. and S3; and the latch are thus lifted, and spring 
S, returns the arm R, to the dotted position. At the same time 
S W, makes contact, M:2 is energized, and the watch reset to 
zero. 

Detectors. The range of frequencies covered was from 60 
to 5000 ~. A pair of head telephones were used as the detector, 
both for direct and alternating currents. The telephones were 
sufficiently sensitive for the frequency range of from 200 to 
5000 ~. At 60~ and with direct currents, the arrangemerit 
shown in Fig. 7 was used to increase the sensitivity. A tele- 
phone transmitter is inserted in the detector circuit. Immedi- 
ately in front of it is placed a hand telephone, which is tra- 
versed by a current from a 700-cycle generator. It therefore 
emits a loud sound. The low-frequency current in the detec- 
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tor circuit is thus broken up into alternations of that frequency 
and the effective sensitivity of the telephone to low frequencies 
is greatly increased. This device is set up in a distant room, 
and is properly muffled, so that it does not disconcert the 
observer. 

Generators. To cover the range of frequencies, from 60 to 
5000 ~, three motor-driven a-c. generators were employed; 
(1) for 60 ~, a Mordey machine which forms a part of the 
regular equipment of the laboratory; (2) for the range 200 to 
700 ~, a small motor-generator set, originally designed for 
telephonic work; and (8) for the range from 1000 to 5000 ~, 
a high frequency generator capable, at full speed, (3750 rev. 
per min.), of giving 10,000 ~. 

In all cases, speed variations were obtained by the use of 
resistances in series with the armature of the d-c. driving motor. 

The waves of alternating current supplied by these generators 
to the Heaviside bridge were fairly sinusoidal. Although faint 
harmonic tones could often be detected in the observer’s tele- 
phones, there was no difficulty in balancing the bridge to the 
fundamental tone. 


TESTS ON RouND SoLiIp CopPpER WIRES 


Tests were made on a loop of two parallel copper wires, each 
No. 0000 A.W.G., diameter 0.46 inch (1.168cm.), cross-section 
1.072 sq. cm., and also on two solid parallel aluminum wires 
of the same size. 

Copper Wires. The loop of copper wire had a length of about 
27 meters, differing slightly in different tests. The wire was 
provided in lengths of 20 feet (6.1 m.) in selected straight rods. 
Five tests were made at as many different spacings between 
the sides of the loop. These spacings or clearances between 
conductors, were 60 cm., 20 cm., 6.4 cm., 0.8 cm. and 0.03 cm. 
respectively. Scarfed soldered joints were made between suc- 
cessive rods. The measurements were made in each case at 
a time of day when the loop was not in sunshine, and when the 
‘loop was consequently at a fairly constant and observed tem- 
perature. The following Table III gives the results obtained 
in these tests, at the spacing of 60 cm. Column I gives the 
spacing, or the distance between adjacent surfaces of the two 
conductors in the loop. Column II gives the temperature of 
the wire, by thermometer observation at one point on the loop. 
Column III gives the frequency. Column IV gives the total 
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d-c. resistance of the loop between its terminals, in microhms 
or thousands of absohms. Column V gives the skin-effect re- 
sistance ratio of the wire in the loop, as obtained from bridge 
measurement at each frequency. Column VI gives the cor- 
responding computed resistance skin-effect ratio by formula 
(71). Column VII gives the ratio of observed to computed 
values, as appearing in V and VI respectively. Column VIII 
gives the total measured inductance of the loop, between its 
terminals, in abhenrys. Column IX gives the total inductance 
of the loop, within the substance of the wire, after deducting 
51,082 abhenrys, the total computed external inductance, in- 
cluding end effect, in the loop. Column X gives the ratio of 
the internal inductance at each frequency, to the internal in- 
ferred inductance at zero frequency (2764 abhenrys) by divid- 
ing the entries in IX by 2764. The last column, No. XI, gives 
the same ratio as computed through formula (76.) 

It will be seen from Column VII, that the observed skin- 
effect resistance ratio differs from the computed value by not 
more than 1 per cent at any of the observations. Also, com- 
paring Columns X and XI, it will be seen that the skin-effect 
reactance-ratio, as observed, is in satisfactory agreement with 
the calculated value. The percentage agreement is not so close 
for the reactances as for the resistances; but the internal in- 
ductance, varied by skin effect, is only about 2 per cent of the 
total inductance measured, and consequently, the changes de- 
duced in this small internal inductance cannot be predicted 
with the same precision as changes in the total apparent re- 
sistance. The results on this loop of solid round copper wires, 
at 60 cm. separating distance, are therefore in very satisfactory 
accordance with the Bessel-function theory as developed by 
Heaviside and Kelvin. 

The test was repeated with the sides of the loop brought to 
a separating distance of 20 cm., by fastening the two wires to 
the edges of a wooden framework 20 cm. wide, and approxi- 
mately 27 meters long. The same procedure was followed in 
the third and fourth tests, the wires being fastened to separa- 
ting wooden strips at distances of 6.4 and 0.8 cm. apart, respec- 
tively. In a fifth test, the wires were separated only by a strip 


3. In the discussion of skin effect, it is customary to express the con- 
ductance effect through the ratio R’/R. For some purposes, however, 
its reciprocal, the conductance ratio, R/R’ is preferable. In this paper 
the customary expression is given throughout. 
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of thin paper, the wires being fastened together over the paper, 
by insulating tapes at frequent intervals. 
The results of the successive tests are recorded in Table IV. 


TABLE IV.—SKIN EFFECT IN A NO. 0000 SOLID COPPER CONDUCTOR 


Spacing Temp. Frequency Yb 
cm. degrees cycles R R! total 
between centi- per microhms = abhenrys 

conductors grade second R observed 

20. 

17.2 60 8640 1.0058 41,874 
15.2 288 8518 1.106 41,698 
15.2 868 8500 1.584 41,099 
15.0 1663 8495 2.120 40,576 
14.9 2061 8512 2.313 40,437 
15)..2 3063 8512 2159, 40,202 
15.4 3112 8440 2.781 40,149 
L5e3 3860 8440 3.067 40,071 
15.4 5040 8456 3.446 39,910 

6.4 18.5 60 8378 1.0087 30,528 © 
18.9 266 8388 1.100 30,320 
19.3 582 8383 1.354 30,038 
20.4 923 8434 1.640 29,728 
20.7 1465 8411 2.037 29,352 
20.9 2019 8316 2.344 29,108 
220) 1992 8132 2.322 29,096 
21.0 3028 8132 2.851 28,819 
21.6 3960 8343 | 3.145 28,688 
5320 8472 | 3.558 28,546 
0.8 60 8612 1.0124 15,894 
239 8612 etS2 15,602 
671 8596 1.604 14,793 
16.3 1068 8618 1.981 14,350 
16.5 1509 8624 2.330 14,007 
16.9 1991 8635 2.643 13,782 
172 1988 8602 2.638 13,722 
17.8 2486 8626 2.912 13,560 
18.0 3028 8642 3.179 13,301 
18.3 3880 8642 3.587 13,284 
18.4 4900 8654 3.995 13,127 
0.03 2b 60 8696 TOK G2, 10,379 
21.4 236 8700 1.244 9,851 
2175 740 8716 2.231 8,143 
21.5 1000 8735 2.688 7,594 
PAPA 1473 8724 3.460 6,889 
21.0 2038 8708 4.272 6,374 
20.9 3058 8716 5.522 5,805 
21.0 3918 8700 6.449 5,558 
21.1 5170 8729 eS) 5,297 


At 20 cm. spacing, the skin-effect resistance ratio does not 
differ appreciably from the ratio at 60 cm. until the frequency 
of about 800 ~ is reached. Above this frequency, the ratio 
rises slightly, but distinctly, above the 60 cm. ratio, and at 5000 
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~ exceeds the latter by 2.2 per cent. This increase is to be 
attributed to proximity effect; i.e. to the effect of the magnetic 
field from the parallel return conductor. 

As the conductors were brought closer, Table IV shows that 
the skin-effect resistance ratio increased considerably, owing 
to proximity effect. With the separating distance of 6.4 cm., 
the rise in resistance ratio was still hardly appreciable below 
800 ~, and only amounted to 3.3 per cent at 5000 ~. With 
a separation of 8 mm., however, the ratio increased markedly, 
being 1 per cent extra at 60 ~ 
and 20 per cent extra at i loll at 
5000 ~. At the very small 
separating distance of about 
0.3 mm., the ratio was greatly «s : 
increased, being 1.3 per cent 
extra at 60 ~, 35 per cent 
extra at 400 ~, and 119.7 2s 
per cent. extra at 5000 ~. 
While, therefore, to the or- #«” 
dinary light-and-power fre- © 4 _| Tes 
quency of 60 ~, the proxim- 
ity between going and return 
conductors has very little ,., 
influence on the skin-effect — 
resistance ratio R’/R of these 
rods, at higher frequencies, ,, 


=! 
i] 


the degrees of proximity has 
a noteworthy effect on this 
ratio, at separations below 


1.0) 


1) 1000 2000 3000 
FREQUENCY 


Fic. 8—No. 0000 SoLtip CoprER 


CONDUCTOR 


Change of resistance with frequency for 
different spacing of conductors, 


6 cm., as in cabled or flexi- 
ble-cord conductors. 

The ratios of the skin-effect 
on resistance at different loop widths to that at 60 cm. width 
are collected in Table V. It will be seen that beyond the 
frequency of 3000 ~, the ratio of increase due to proximity is 
but slightly affected by further increase in frequency. Thus, 
while between 60 ~ and 3000 ~, the effect of bringing the dis- 
tance between going and returning conductors down to 8 mm. 
increases the skin-effect resistance ratio from 1.009 to 1.190 
times what it would be at 60 cm., and further increase in 
frequency to 5000 ~ only increases the ratio from 1.190 to 1.201. 

Fig. 8 shows the skin-effect resistance ratio R’/R for the data 
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contained in Tables I, II and III, with ordinates R’/R and ab- 
scissas impressed frequency. 
In regard to parallel solid round wires, at 60 cm. separation, 


TABLE V.—SKIN EFFECT IN A NO. 0000 SOLID COPPER CONDUCTOR 


DATA TAKEN FROM CURVES SHOWING RELATIONS BETWEEN SKIN EFFECT AND SPACING 
OF CONDUCTORS FOR VARIOUS FREQUENCIES. 


, 
Frequency Spacing, Ha Ratio of skin effect 
cycles per cm, between R to that at 60 cm. 
second wires resistance ratio spacing 

60 0.03 1.0172 1.013 
0.8 1.0124 1.009 
6.4 1.0087 1.005 
20 * 1.0058 1.002 

60 1.0038 1.00 
400 0.03 1.590 17353 
0.8 1.295 1.102 
6.4 1.184 1.008 
20 1.180 1.004 

60 L715 1.00 
1000 0.03 2.688 1.611 
0.8 1.928 1.154 
6.4 1.700 1.017 
20 1.690 1.012 

60 1.670 1.00 
2000 0.03 4.210 1.870 
0.8 2.650 LAL. 
6.4 2.335 1.037 
20. 2.295 1.019 

60. 2.250 1.00 
3000 0.03 5.450 2.040 
0.8 3.185 1.190 
6.4 2.800 1.048 
20. 2.740 1.024 

60. 2.676 1.00 

4000 0.03 6.530 2.14 
0.8 3.640 1.193 
6.4 3.164 1.038 
20. 3.12 1.021 

60. 3.048 1.00 
5000 0.03 7.380 2.197 
0.8 4.040 1,201 
6.4 3.472 1.033 
20. 3.430 1.022 

60. 3.361 1.00 


Mr. C. P. Eldred, in preliminary work, during 1914, on the same 
research, at the Massachusetts Institute of Technology, ob- 
tained observations over the range between 60 ~ and 5000 ~ 
of the skin-effect resistance ratio in wires of both copper and 
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aluminum, which check satisfactorily the Bessel-function cal- 
culations. The sizes of wire tested were No. 0 A.W.G. (diameter 
0.325 inch, 0.826 cm.; 105,500 cir. mils, 0.5345 sq. cm.) and 
also No. 0000 A.W.G. (diameter 0.46 inch, 1.168 em.; 211,600 
cir. mils 1.072 sq. cm.) in copper and in aluminum. 

While, therefore, the Maxwell-Heaviside-Kelvin theory for 
solid round wires has been checked within the degree of pre- 
cision of the observations, both for copper and aluminum, up 
to 5000 ~, 1.17 cm. diameter, and 60 cm. spacing, very con- 
siderable deviations from that theory have been found with 
closer spacings, owing to proximity effect. This deviation was 
predicted by Heaviside* in 1884. Up to the present time, the 
authors have not found a formula for skin effect in parallel 
round wires which will take the proximity effect into account. 

Stranded Conductors. The stranded conductors tested were 
of copper and of aluminum. 

Copper Stranded Conductor. The copper strand consisted of 
seven copper wires of the same size (diameter 0.442 cm.), six 
of these being spiralled around the central one, with a pitch 
~ of approximately 14.5 cm. The cross-section of one of these 
wires is 0.1532 sq. cm. and taking seven times this amount as 
the cross-section of the strand, we have 1.072 sq. cm., which is 
the same (to four digits) as that of a No. 0000 A.W.G. solid 
wire. The results of the tests on a loop of 31.5 meters of this 
stranded conductor are given in Table VI, for two different 
spacings; namely, 60.9 cm. and 2.4 cm. 

Referring to the observations at 60.9 cm. spacings, it will 
be observed that the resistance skin-effect ratio R'/R, at 60 ~, 
is 1.0052, representing an increase of only half of one per cent. 
At 5000 ~, however, this ratio increased to 3.54. In Fig. 9, 
curve B connects the observations here referred to. The broken 
curve A gives the corresponding skin effect for a solid conductor 
of equal cross-section, as taken from Tables I and II, or Fig. 8, 
using the same linear resistance for both the solid and stranded 
conductors. It appears, therefore, that above 1200 ~, the skin- 
effect resistance ratio of this stranded conductor was slightly 
greater than that of the equi-sectional solid wire, owing ap- 
parently to spirality effect, the difference increasing towards 
higher frequencies. 

As is demonstrated in the Appendix, and has already been 
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made known from earlier experimental work in this research,° 
the skin-effect impedance ratio, as well as its component ratios, 
is the same for a uniformly and symmetrically subdivided con- 
ductor, without twist or helical lay, as in the solid round con- 
ductor of the same material and cross-section. In any actual 
stranded conductor, however, whether of concentric-lay, or 
rope-lay, there is helical twist in some or all strands. This 
spiraling of some of the strands necessarily introduces an al- 


TABLE VI.—SKIN EFFECT IN 7-STRAND COPPER CABLE 
EQUIVALENT TO No. 0000 So_ip WIRE. 


il II Ill IV Vv VI VII VIII IX 
Calculated for 
Solid No. 0000 Rane 
ames ae VI 
Spacing] Temper-] Fre- d-c. re- R! L, total r L, total Vu 
cm. ature | quency | sistance — | abhenrys — abhenrys 
deg. cent ohms R R 
12.0 60 0.00991 | 1.005 61,661 | 1.005 62,703 0.983 . 
25.7 207 0.01051 | 1.035 Csytss | shelOsuh 62,627 0.983 
Pfft) 475 0.01054 | 1.233 61,274 | 1.227 62,350 0.983 
26.8 925 0.01061 | 1.582 60,770 | 1.584 61,827 0.983 
60.9 2720 1468 0.01061 | 1.966 60,335 | 1.945 61,384 0.983 
27.0 2010 0.01063 | 2.295 60,053 | 2.236 61,118 0.983 
Di 3065 0.01063 | 2.802 59,719 | 2.685 60,815 0.982 
27.5 3920 0.01064 | 3.151 59,539 | 2.989 60,673 0.981 
Pile 5040 0.01061 | 3.552 59,371 | 3.360 60,531 0.981 
20.0 60 0.01004 | 1.004 26,017 
12.4 189 0.00953 | 1.063 25,829 
12.3 682 0.00958 | 1.458 25,271 
15.8 1090 0.01017 | 1.789 24,812 
2.4 16.2 1540 0.00996 | 2.177 24,513 
17.2 2010 0.01026 | 2.470 24,257 
18.9 3112 0.01024 | 3.103 23,893 
17.8 3960 0.00992 | 3.615 23,666 
14.4 5040 0.00972 | 4.130 23,351 


ternating magnetic force, or forces, into the interior of the con- 
ductor, thereby superposing a “ spirality-effect’’® upon the 
regular skin-effect of the same conductor unspiraled. These 
two effects are also capable of mutually modifying each other. 
The subject of ‘‘ total skin-effect” in spiralled stranded con- 
ductors is therefore more complicated than that presented in 


i: Pender, Bibliography No. 101. 
_ 6. Stirnimann, Bibliography No. 52, and Alfred Hay, No. 70. 
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_unspiralled stranded or in solid conductors. It is proposed 

to carry further investigation into this question. Up to the 
present time, the seven-strand spiralled conductors tested, 
have shown practically the same skin-effect resistance ratios 
as equisectional solid wires, up to say 1200 ~; while between 
1200 and 5000 ~, the ratio for the spiralled strands has been 
slightly greater than that of the solid wires, indicating in these 
instances, therefore, an added spirality effect. It may be 
mentioned that both the spirality effect and the skin effect of 
a subdivided conductor may be substantially annulled by in- 
sulating its strands and so transposing them that any one 
strand occupies, in succession, 
different positions in the 
cross-section. 

Table VI shows, in its last 
column, that the total loop 
inductance of the loop of 
stranded wire appeared to be 
about 98.3 per cent, or 1.7 
per cent less than, the in- 
ductance of an equi-sectional 
solid wire at the same spac- 
ing and frequency as calcu- 
lated by formula (D Table 

te: i.) vhistresult is in sub; 
Fic. 9—SEVEN-STRAND CasLe—  Stantial conformity with the 
EQuivaALEnt No.0000 Sottp Wire deductions of Mr. H. B. 
Change of resistance with frequency for Dwight’, which are to the 
different spacing of conductors. efect! thak a loop opens 
parallel unspiralled seven-strand conductors has 1.3 per cent 
less linear inductance than the equisectional solid conductors, 
all other conditions remaining unchanged. The change is at- 
tributable to the geometry of the loop system, and is inde- 
pendent of skin effect. 

Aluminum Stranded Conductor. The results obtained on two 
loops of aluminum conductor, one of solid wires, No. 0000 
A.W.G. (diameter 0.46 inch 1.168 cm.; cross section 211,600 
cir. mils 1.072 sq.cm.) and the other of seven-equal-strand conduc- 
tors, of very nearly equal total cross-section (1.074 sq. cm. 
211,950 cir. mils), are given in Fig. 9. It will be seen that the 
skin-effect resistance ratio of the stranded conductor, which 


7. Bibliography No. 90. 
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had a lay of 23 cm., is slightly greater than that of the solid 
conductor above 2000 ~, and at 60 cm. spacing. ? 
Strip Conductors. It is generally accepted among electrical 
engineers, that the skin-effect resistance ratio of flat strip con- 
ductors is less than that of equisectional solid round conductors. 
This proposition has been verified in the tests here reported, 
except at frequencies below 1000 ~, in which a higher skin- 
effect has been observed, in certain copper strips, than is ob- 
tained, by calculation, for equisectional round copper wires. 


TABLE VII.—_SKIN EFFECT IN COPPER STRIPS WITH 60-CM. SPACING 
BETWEEN CONDUCTORS 


Tem- Fre- R, d-c. re- R! 
Strip size perature quency, sistance, ms L, total 
cm. deg. cent. |cycles per sec. ohms R abhenrys 
1.26 X 0.1575 ‘“+6.8 225 0.0563 1.004 71,291 
—2F0 708 0.0539 1.038 71,147 
1S 1188 0.0541 1.085 70,970 
+6.0 1900 0.0554 1.161 70,679 
—1e 2980 0.0541 1.261 70,383 
0 3690 0.0534 1.326 70,247 
=i 58) 5169 0.0543 1.426 68,765 
2.52 X 0.158 +0.9 491 0.0260 1.065 60,482 
0.5 1022 0.0259 1.169 60,083 
0.1 2007 0.0259 1.314 59,699 
0.2 3078 0.0259 1.430 59,512 
0.0 3920 0.0259 1.506 59,402 
0.0 4980 0.0259 1.593 59,349 
3.81 X 0.159 5.0 229 0.0173 1.042 §5,576 
0.4 1136 0.0171 1.283 54,766 
5.0 1730 0.0173 1.363 54,586 
1.9 2645 0.0172 1.478 54,422 
5.2 3787 0.0174 1.588 54,303 
1.8 5050 0.0172 1.697 54,241 


Three copper-strip conductors were employed in the different 
tests, each approximately 1/16 inch, (1.59 mm.) in thickness; 
namely, nominal 3-inch, l-inch, and 13-inch; actually 1.26x 
0.1575 cm., 2.52 X 0.158 cm. and 3.81 X 0.159 cm. One strip 
at a time was supported by vertical slits in wooden blocks, to 
form a straight loop, with parallel sides at the proper separat- 
ing distance. Commencing with 60-cm. spacing, it was found 
to make no appreciable difference whether the strips forming 
the loop were in the same horizontal, or in parallel vertical 
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planes. When, however, the separating distance was about 
10 cm., the relative setting of the two strips began to make a 
difference in the results, owing to proximity effects. This 
difference became very large when the separating distance was 
reduced to about 1 mm. 

Table VII gives the results of the observations for the above 
mentioned sizes of strip, at the separating distance of approxi- 
mately 60 cm. It will be seen that the skin-effect resistance 
ratio of the narrowest strip was only 1.0043 at 225 ~; so that 
no attempt was made to measure this ratio at 60 ~. The re- 
cords in the table are plotted in the curves of Fig. 10, at A, B 
and C respectively, Curve D, which is slightly concave up- 
wards, represents the corresponding computed ratio for infinitely 
wide copper strip, by formula 
(103). 

It is evident that at 60cm. 
spacing, which is practically 
equivalent to infinite spac- 
ing, the calculated resistance 
ratio R’/R is very much less 
than the observed ratio, par- 

cot ticularly at the higher fre- 

Fic. aerate STRIPS SPACED quencies. Moreover, it might 

GOL be supposed at first thought, 
Change of resistance with frequency for that a strip nearly 4 em. 
Se Gas  E sies. wide, would approach the 
behavior of an infinitely wide strip more closely than a strip 
1.26 cm. wide; whereas the reverse was the case, in these ob- 
- servations. The large deviations from theory here presented, 
at first threw some doubt on the measurements. These were, 
however, repeated, with substantially the same results, not 
only on the same bridge by different observers, and under dif- 
ferent conditions at the Massachusetts Institute of Technology, 
Boston, but also upon another loop of the same strip, with 
entirely different measuring apparatus, at Pierce Hall, in Cam- 
bridge. There is at present no reason to doubt the results in- 
dicated in Fig. 10 outside the range of the usual small errors 
of observation. The authors have not been able to discover 
any published measurements of the skin effect in linear flat 
strips, at any spacing. 

The reason for the large discrepancies between the theory 

for infinite strips, and the observations for strips of one to four 
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cm. width, is believed to be that the alternating magnetic flux 
surrounding the active strips, being more or less cylindrical in 
distribution, cuts through the substance of the strip to a greater 
or less extent, and in so doing dissipates power by eddy currents. 
Only in the case of extremely wide strips, may the alternating 
magnetic flux be properly regarded as lying in planes parallel 
to the surfaces of the strip, so as not appreciably to intersect 
therewith. There are two experimental evidences for this be- 
lief; namely (1) the distribution of magnetic flux paths around the 
active strips, as obtained by the method of scattering iron 
filings and (2) the fact that with the parallel strips brought 
close together, the skin effect was much greater when they lay 
in one and the same plane, than when they were supported in 
parallel planes. 

Fig. 11 shows the magnetic flux distribution around a 
2.5-cm. strip, 1.66 mm. thick, when carrying 107 am- 
peres at 838 ~, the return conductor being remote. It is 
evident that a considerable amount of this flux cuts the sub- 
stance of the strip near the edges; so that it is not surprising 
that the extra power loss due to eddy currents in the strip 
should markedly increase the skin-effect. 

Fig. 12 shows that when the two parallel strips forming the 
loop are placed in the same plane, edge to edge, and nearly 
touching, with 120 amperes at 858 ~, practically all the mag- 
netic flux threading through the loop has to cut some portion 
of the strip. We might, therefore, reasonably expect a rela- 
tively large excess loss of power by eddy currents in such a 
case, as observation actually showed. 

Fig. 13 shows on the other hand, that when the two parallel 
strips forming the loop are placed in parallel planes, and sep- 
arated only by a strip of paper, the alternating magnetic flux, 
with 120 amperes and 858 ~, was very feeble. We should, 
therefore, expect to find comparatively little excess loss of 
power by eddy currents under such conditions, as actual ob- 
servation revealed. 

The results for the 2.5-cm. strips, at different spacings and 
relative positions, are given in Fig. 14. It will be seen that 
the smallest skin-effect ratio is with the shortest spacing (0.5 mm.) 
and with the strips in parallel planes as in Fig. 138.. This is the 
result nearest to that given by the theory for infinitely wide 
strips. On the other hand, the largest ratio is at nearly the 
same spacing (one mm.), but with the strips lying in one and 
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MAGNETIC FIELDS SURROUNDING COPPER STRIPS 


Fic. 12—OvuTGOING AND RETURN STRIPS CARRYING 120 AMPERES AT 
858 ~ A-C. 


[KENNELLY, LAWS AND PIERCE] 
Fic. 13—OUTGOING AND RETURN STRIPS ADJACENT CARRYING 120 Am- 
PERES AT 858 ~ A-C. 
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the same plane as in Fig. 12. Between these extreme limits, 
lie all the other series, at least within the range of 0 to 4000 ~. 
The curve belonging to the series with 0.5-mm. spacing bends 
upwards, whereas all the others bend downwards beyond 500 ~. 
This appears to be related to the distributions of alternating 
magnetic fields. The theoretical curve also bends upwards. 
The broken line gives the ratios for a circular wire of the same 
cross-section as the strip, and, at large spacing. 

Corresponding results for the 3.8-cm. strips are indicated in 
Fig. 15. Here again, the difference is very marked between 
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the ratios for the smallest spacings 3 mm. and 0.5 mm., in the 
same and in parallel planes respectively, due to proximity 
effects. At 4000 ~, the former is about 3.4 and the latter 1.4; 
while the theoretical value for infinite strip of the same thick- 
ness is about 1.04. 

The results concerning the total loop inductances for the . 
3.8-cm. strip, at different spacings and settings, are given 
graphically in Fig. 16. It will be seen that not only is the total 
inductance a minimum for the case of parallel spacing at 0.5 
mm., but also the change of inductance with frequency; whereas 
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the greatest change of inductance with frequency is in the 
case of 3-mm. spacing in the same plane. 

It is evident from the foregoing results that in the case of 
parallel flat strips, the proximity effects are very variable, 
may be relatively large, and depend in large measure upon 
the relative disposition of the two conductors. 

It is open to discussion whether the proximity effect in such 
conductors is materially affected by the current strength in 
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. 


the loops. Between the limits of about 0.1 ampere and 3.0 
amperes in the loops, at any frequency within the reported 
range, no change in the impedance ratio with current was 
observable. 


TUBULAR CONDUCTORS 


In order to measure skin effect in copper tubes, 90 feet (27.4 
m.) of hard copper tube was obtained, } inch in external dia- 
meter (1.26 cm.) with 1/16 inch wall (1.6 mm.) in selected 
15-foot lengths (4.56m.), and supported on insulators ina rec- 
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tangular loop, like the other conductors. The tubes were 
jointed by means of thin sleeves of copper, soldered over the 
ends. The loop had square ends, and was 13.1 m. long. Tests 
were made at three spacings between parallel tubes, namely, 
60 cm., 1.3 cm., 0.1 mm. The results of these tests are given 
in the accompanying Table No. VIII and Fig. 17. It will be 
observed that at 60-cm. spacing, where the proximity effect is 


TABLE VIII—SKIN EFFECT IN A COPPER TUBE, 
1.266 CM. OUTSIDE DIAMETER 0.159 CM. WALL. 


, 

Spacing Temperature Frequency, | R, d-c. resist- as L, total 
tem. deg. cent. [cycles per sec.| ance, ohms R abhenrys 
60. 4.2 222 0.01636 1.0004 25,125 

6.0 385 0.01626 1.0015 25,143 
4.8 963 0.01634 1.0088 25,121 
5.4 1967 0.01637 1.0298 25,108 
5.9 3030 0.01647 1.0633 25,109 
5.8 3962 0.01646 1.1046 25,098 
5.2 5120 0.01635 1167, 25,053 
AS) 1h 320 0.01580 1.013 7,583 
7.4 994 0.01580 1.067 7,461 
deat 1987 0.01580 TEAR) © 8 7,361 
thats) 3004 0.01578 1.188 7,311 
6.2 3915 0.01575 1.241 7,285 
5.5 5180 0.01572 1.327 7,090 
SY 4540 0.01559 1.288 7,279 
—Oet 3467 0.01559 eo) 7,303 
0.0 2482 0.01559 ° 1.160 7,343 
0.0 1482 0.01560 1.102 7,405 
OSA 658 0.01561 1.039 7,519 
0.01 8.3 488 0.01532 1.114 3,443 
SE, 1384 0.01530 1.524 2,825 
8.8 2040 0.01530 1.787 2,543 
8.6 3030 0.01530 2.104 2,258 
8.8 3930 0.01528 2.364 2,079 
8.7 5040 0.01526 2.630 1,950 


negligible, the skin-effect resistance-ratios are all relatively 
small, and much lower than those of other types of conductor 
tested in this research. With the spacing of only 0.1 mm.; 
1.e. with the tubes lashed side by side, and separated only by 
a thin strip of paper, the proximity effect was very marked, 
and was also sensitive to changes in the temperature of the 
surrounding air. 

The theory of tubular conductors remote from disturbing 
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magnetic fields, has been given by Heaviside* and by Russell 
It involves Bessel functions of both the first and second kinds, 
and is complicated relatively to that of solid wires. The 
formulas developed for resistance-ratio are relatively lengthy 
and are only approximations. A much simpler approximate 
resistance-ratio formula for engineering purposes, is obtained 
by considering a tube as the equivalent of a strip with no dis- 
turbance at edges; i.e., behaving like a strip of infinite width. 
Strictly speaking, the curvature of the tubular conductor pre- 
vents the rigid application of the flat-strip theory; so that this 
theory can only be expected to apply to tubes of thin wall and 
large diameter. The formula for the resistance ratio of a flat 
strip is given in (103) of the Appendix. The full wall thick- 
ness of the tube is here regarded as corresponding to X, the 
half-strip thickness.!° Applying this formula to the case con- 
sidered, we obtain the broken line marked “ calculated ”’ in 
Fig. 17. It will be seen that the calculated ratios are all much 
larger than-the observed ratios; although the shapes of the 
two curves considered, are similar. It was found, however, 
that if instead of taking the full wall thickness 0.16 cm. for X, 
we take two thirds of that thickness in the formula, i.e., X = 
0.106 cm., the resistance ratio thus calculated agrees satisfac- _ 
torily with the observed values over the entire range of frequency 
investigated. It is not, however, apparent why only two- 
thirds of the wall thickness should be included in the formula, 
and perhaps this fraction applies only to the particular size 
of tube employed; so that this must be regarded as an empirical 
rule for the present. 

Slotted Tube. Seeing that the resistance ratios for copper 
tubes were less than those offered by flat-strip theory; whereas 
actual narrow copper strips gave ratios in excess of that theory, 
it was decided to follow the behavior of the tubes as they were 
mechanically altered towards the form of flat strips. The 
first step in this mechanical transformation was to cut a single 
slot 0.02 inch wide (0.5 mm.) along the entire length on one 
side of the tube. The slotted tubes were then rejointed and 
supported in a long rectangular loop of the same length as before 
(13.1 m.), and the tests repeated for two spacings; namely, 60 
cm. and 0.1 mm. In the latter case, two tests were made, one 

8. Bibliography No. 2. 

9. Bibliography No. 51. 

10. Pender, Bibliography No. 101. 
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with the slots turned in, and the other with the slots out; i.e. 
with the slots at their minimum and maximum permissible 
distances apart, respectively. It was found that, at 60 cm., 
there was no perceptible change from the previous test at that 
spacing. That is, the skin-effect impedance-ratio of the tube, 
remote from disturbing a-c. magnetic fields, was as nearly as 
could be determined the same, whether the tube was complete, 
or had a thin slot cut in it longitudinally. At the 0.1-mm. 
spacing, however, the resistance ratio appeared to be distinctly 
less than in the unslotted condition; but seeing that the loop 
had to be taken down, re- 
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0.0508 cM. respectively. 

Change of resistance with frequency for Half i CCS same Le loop of 
different spacing and positions of conductors. slotted tube was again disas- 
sembled, and the conductor split into two half tubes, by cutting 
a new horizontal slot on the opposite side to the first. The half- 
tubes were then jointed together to form a rectangular loop 13.1 m. 
long. This half-tube conductor loop was then tested at three 
spacings; namely, 57.3 cm., 1.3 cm. and 0.2 mm. The results 
of these tests are indicated in Fig. 18. It will be observed that 
at 57.3 cm., with negligible proximity effect, the resistance 
ratios are markedly higher than with whole tubes. At 1.3 
cm., with the half tubes placed as though lying inverted, side 
by side, on a table, the resistance ratios were distinctly, al- 
though not greatly, increased by proximity effect. At the 
0.2 mm. spacing, two tests were made, 7.e.,one with the half- 
tubes placed opposite each other, as though to form the original 


1980 KENNELLY, LAWS AND PIERCE [Sept. 16 


tube, and the other as in the test at 1.3-cm. spacing. The 
former condition had a lower proximity effect than the latter, 
at least as far as 5000 ~, as indicated in Fig. 18. 

Summing up, therefore, the results with tubes and half tubes, 
it may be stated that the skin-effect of tubes is much less than 
that of other forms of equisectional conductor. When the 
tube is cut into longitudinal halves, and one of the halves is 
removed, the skin-effect of the remaining half tube is con- 
siderably increased, and approaches, but is always less than, 
that of an equisectional flat strip. 

In conclusion, we desire to express our acknowledgments to 
Prof. Harold Pender for his valuable contribution to the earlier 
stages of this research, both in design and in direction; also to 
Prof. D. C. Jackson for valuable suggestions during the progress 
of the work, also to the thesis work of Messrs. F. H. Achard 
and H. E. Randall in 1912-1913, on the preliminary work. We 
are also indebted to Dr. S. B. Jewett for help in procuring special 
apparatus, and to Dr. E. B. Rosa of the Bureau of Standards, 
for the courteous loan of inductance standards. 


CONCLUSIONS 


1. The skin effect impedance-ratio of solid round wires of 
copper and aluminum, have been found to be in close accordance 
with the Bessel-function Heaviside-Kelvin theory, up to the 
highest frequency used in the tests (5000 ~). 

2. At frequencies below 100 ~, the proximity effect is rela- 
tively small. That is, the close proximity of the going and re- 
turning parallel conductors does not greatly increase the skin 
effect. At higher frequencies, however, the proximity effect 
becomes very marked. All the forms of conductors tested 
developed marked proximity effects, near the higher frequencies, 
when brought close together. The proximity effect was usually 
imperceptible at separating distances above say 20 cm. 

3. Stranded copper or aluminum conductors, without twists, 
appear to have the same skin-effect impedance-ratio as their 
equisectional solid conductors. Twisting and spiraling the 
strands, introduces a change in the ratio, called the spirality 
effect. In the very few cases of stranded conductors, thus far 
tested, the spirality effect added slightly to the skin effect. 

4, Flat copper strips possess a much larger skin-effect resist- 
ance-ratio than corresponds to the theory for indefinitely wide 
strips. The discrepancy has shown itself to be due to the eddy- 
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current losses from the alternating magnetic flux linked with the 
strips, and intersecting them, especially near their edges. ~The 
proximity effect in strips is large near the higher frequencies, 
and is considerably affected by the relative positions of the going 
and returning strip-conductors. 

5. Copper tubes have less skin effect than equisectional con- 
ductors of any other form tried. In the single size tested, the 
skin effect was that corresponding to indefinitely wide strip of 
thickness 33 per cent greater than that of the tube wall. 

6. Half tubes, prepared by slitting a copper tube, have much 
more skin effect than the whole tube from which they are made. 
They have however less skin effect than flat strips of the same 
thickness and cross-section. 

7. To reduce skin-effect in a pair of straight parallel single- 
phase conductors at frequencies up to 5000 ~, the tests have 
corroborated the existing belief that the conductors should be 
tubular, or hollow cylinders, separated by more than 20 cm. 
On the other hand, to obtain the maximum current-distortion 
effect, solid rods of large diameter should be used, in close mutual 
proximity. Copper strips while showing, in most cases, less 
skin effect than equisectional solid rods, have much more skin 
effect than is generally supposed. 


APPENDIX I 


THEORY OF CONDITIONS FOR BALANCE ON THE HEAVISIDE 
BRIDGE 
With the arrangement shown in Figs. 1 and 2, a shifting of the 
balance point, d, to the left, transfers resistance from the arm 
X tothe arm P. At the same time, a certain amount of induct- 
ance in the slide wire, and in the mutual induction between the 
slide-wire and the detector circuit is also transferred. 
To obtain R and L, the resistance and the inductance of the 
loop under test: 
let r = the resistance per centimeter of the slide wire (ohms 
per cm.) 
twice the inductance change per centimeter of the slide 
wire, due to the change in position of the slider 
(henrys per cm.) 
k = twice the resistance per unit length of the slide wire 
(ohms per cm.) 
the inductance of the arm P, excluding the slide wire 
(henrys.) 


M 


Ly’ 


I 
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Lx’ = the inductance of the arm X, excluding the slide wire 
and the inductance Lx (henrys.) 

Lx = inductance of the experimental line to be determined. 
(henrys). 

Rx = resistance of the experimental line, to be determined 
(ohms). 

my = mutual inductance necessary to balance bridge, when 
the line is short-circuited (henrys). 

m, = mutual inductance necessary to balance bridge when 
the line is in circuit (henrys). 

K = twice the mutual inductance per turn of the second- 

ary winding (henrys per turn). 

No —mi = change in the number of-turns on the secondary of the 
mutual inductance, which is necessary to restore 
balance when the short circuit is removed. 

R,’ = resistance of the arm P, excluding the slide wire (ohms) 
R;’ = resistance of the arm X excluding the slide wire and 
the resistance Rx (ohms). 
ly) = reading of slide wire when the line is short-circuited 
crs) 
1, = reading of slide wire when the line is in circuit (cm.), 
1 = total length of slide wire (cm.) 
By (7) from the first balancing 


Ro +hr= Rx’ + ld —-bh) r ohms (9) 
from the second balancing 
Re’ thr = Rx’ + (}-h) r+ Rx ohms (10) 
*, Ry = 27 (i bo) ‘ (11) 
k (ly — Io) “ (42) 
By (8), from the first balancing 


or Ree 


Lp + He = Ly’ +E hh) + 2mm — henrys (18) 


from the second balancing 


1 
Ty? + EEE + Shy em, + hy henrys (14) 


2 2 
die == 2(mo = m1) + iM (1, = Lo) . (15) 
bid witaneeeie= mone eee tos) eG’) 


The working formulas are therefore (12) and (16). 
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APPENDIX II 


THEORY OF SKIN EFFECT IN SOLID CYLINDRICAL UNIFORM 
CONDUCTORS WITH REMOTE RETURN 


This theory was originally developed by Clerk Maxwell in 
1873, and has, under certain variations of detail, been given by a 
number of writers since that date, as an examination of the 
references mentioned in the Bibliography will reveal. The es- 
sential steps of the reasoning are, however, repeated here; because 
the final solutions offered are believed to have certain advantages 
for engineering computations. 

In Fig. 19, let A B C be the cross-section of a uniform straight 
cylindrical conductor of radius X cm. with axis at 0, and sur- 
rounded by air, oil, or other non-magnetic dielectric. Let the 


Pon. 


wire be supposed to carry a sinusoidal alternating current I,, 
r.m.s. absamperes!, and to be so far remote from the parallel 
return conductor, that the magnetic field from the latter is 
insignificant at the region occupied by A BC. Then the external 
alternating magnetic field of this conductor A B C will be just 
the same in magnitude and phase as the alternating current I, 
would produce if there were no skin effect. -That is, the skin 
effect is confined within the radius X. It affects the magnitudes 
and phases of the electric and magnetic fluxes within the conduc- 
tor; but we may assume that (1), by symmetry, these fluxes are 
symmetrically distributed with respect to the axis O; so that if 
either the magnetic flux-density, or the current density, has a given 
instantaneous value at some radius x; then the same value will 
be developed, at that instant, at all points whose radius is x; (2); 


11. The prefix ab- or abs- indicates a C.G.S. magnetic unit. 
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that there is at no time during the steady state, a radial compon- 
ent of electric or magnetic flux, that is, all fluxes are either parallel 
to the axis, or in cylindrical lines around the axis. By the 
‘““steady state’ is meant the alternating-current state which is 
finally reached after the application of impressed alternating 
voltage in the circuit. 


Let 7, = the instantaneous current density at radius x (absam- 
peres per sq. cm.). 
KH, = the magnetic intensity at radius x (gilberts per cm.) 
@®. = magnetic flux density at radius x (gausses). 


y = the conductivity of the material in the conductor 
(abmhos per cm.). 
p = 1/y the resistivity (absohm-cm). 
_ i gausses 
Mw = the permeability ( Hiden. pena ) 


f = the frequency of the impressed alternating current 
(cycles per second). 

27mf, the angular velocity (radians per second). 

nx = txm: &' the electric alternating intensity externally 


€ 
I 


impressed on the conductor ( _abvolts _ ) 
linear cm. 
Ji ae 
= 2.71828 . . . the Napierian base. 


Then, if we integrate the magnetic intensity 5, around the 
circle of radius x, we obtain 27x 3, gilberts, and this must be 
equal to 47 times the total vector current strength within this 
circle; that is 


2x, = 4m f 2x + z+ dx absamperes Z (17) 
0 
i oa ; 
or aa) = AT.%4 ty absamperes/cm Z (18) 
Peer: seis Eo ay ( BOs i oe) absamperes bal 
% Aa % dx . sq. cm. oy 


If we take one cm. length of the conductor, as indicated in 
Fig. 20, and suppose that, at radius «, the current density directed 
from O to O’ is rising at the instant considered; then magnetic 
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flux will be entering the rectangle a b c d towards the observer 
dx : 

at the rate uw: dx- wre maxwells per second, and generating a. 


momentary e.m.f. of this numerical value around this rectangle, 
in the direction of the arrows. In order that there shall be no 
radial component of current flow in this rectangle, the total e.m.f. 
around this rectangle must be zero. The electric intensity 7z, 
or the e.m.f. in the centimeter ab will be p 7, abvolts, directed 
with the current, or from a to 6. Similarly, the electric 


id ax), directed from c to d. 
dx 


The total e.m.f. in the rectangle is then by Ohm’s law, 


intensity in dc will be p (i. = 


dK, dix = 
Me dx» —= ae -dx-p = 0 abvolts Z (20) 
eS Ces abvolts 
- ge di radial cm. = e838 


Differentiating (19) with respect to time, we obtain 


Cid) vel ( ON Aedea V a) absamperes Z (22) 
Dene LT Ok eh ce ime sq. cm. sec. 
Substituting (21) 
dt p dt, 1 dt, ) absamperes 
_ = — ——__+-—— Z (23 
dt AT ze G6 4 sq- cm=sec! ce 
or 
at 1 dt, Amu = dz dy 
z se : ay ee 
Pb dy PS eer fs die 
one Z (24) 
cm. 
But 7, is varying sinusoidally, at any radius; so that 
dt tee absamperes 
= = —_———_ Z (25 
ip sec, cm,” 25) 
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and 
Oe 42 Se 4 jd yuo) ig =0 PMP / (6) 
If we denote (— j4 7 y uw) by ae? = 220 
then 
ad 45 BY 1 a, ee ered aDeempy Z (28) 
axe Fe hs 


This is a well known typical form of second-order Bessel 
differential equation, whose solution may conveniently be 
expressed in Bessel functions 
absamperes 

cm.” 


where Jo (@ox) is a zero-order Bessel function of x of the first 
kind, and Ko (ax) is a zero-order Bessel function of x of the 
second kind, while A and B are arbitrary constants. 

Similarly, differentiating (19) with respect to x, we have 


Ce Please A Re OPC. ahaumperes 

dx 4m ie dx x? i dx? ) cm.3 eee 
and substituting from (21) 

AR, a Spee ‘e dK wee =) gilberts Z (81) 
dt AW \¥ WN 2 dx x? ai cm. sec. 


and remembering that 3C, is a sinusoidal quantity of angular 
velocity w, 


Pham ey 1 d3, PIR, 
jokey aM x ra Ra 7) 
gilberts Z (32) 
cm. sec. 
or 
aoe US R ee 
Gy & eee ( De a lg r)=0 
gilberts 
cm,* mae 
OXx 1 dx, 1 ilberts 
et ae et Be (xt “-) =0 2S 2 (84) 
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A typical Bessel differential equation of the second order, 
whose solution is 
Kegel yon) Bs Pytcr\c) eters Z (35) 


where J; (ax) is a first-order Bessel’s function of x, of the first 
kind, and K, (aox) isa first-order Bessel’s function of x, of the 
second kind. It can be shown that in order to comply with the 
physical conditions of the problems, both B and B’ must vanish; 
so that we obtain 


absamperes 
sq. cm. 


gilberts 


SC = oA Th (Qox) a 


Z (87) 


where A and A’ are constants determined by the particular 
conditions of each case, and a is the “‘ semi-imaginary ”’ quan- 
tity 8 ee ¥ (6) 


Qy = V2Tyuw —j V2T yw = V4ryuw\45° cm Z (38) 


t. €., a complex quantity, whose real and imaginary components 
are equal. The current density 7, at radius x, is therefore a 
constant A times the zero-Bessel function of the semi-imaginary 
Q@ox, and 3C,, the magnetic intensity at radius x, is a constant 
A’ times the first-Bessel function of the same semi-imaginary,. 
Similarly, the electric intensity at radius x is 


abvolts 


ne = A p> Jn (cx) wos £ (39) 
and the magnetic flux-density at radius x is 
Qe. = A’p «Sy (ax) gausses Z (40) 


If we take x = X, the radius of the conductor, we obtain from (86) 


absamperes Z (Al) 


I aX) Sq. cm. 


and dividing (36) by (41) 


iio. TN Janet) 


— = meric Z (42 
i ee a oo 
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Similarly 


Bx ea. Hy = Ji (Qox) . 
ake Ae numeric Z (43) 


For the benefit of those who are not familiar with Bessel’s func- 
tions, a few definitions may here be given. For any real quan- 


eee 


Jy (z) =1 are + aFal ~ 313! +. ....numeric (44) 
and 
I 
1 I a a 
n= { tM) , a) — ~+—— 4+ .... numeric 
2 ald 1! 2! 2! 3! 3! 4! (45) 
Similarly 
je can ( n'(S) 
ireioie > (a | See ee numeric (46) 


n=0 


If z is a complex quantity of the type 2/6, z being the modulus 
and 6 the argument, 


then 
2 4 
(S)c2 (S)r43 (S$) 70 
CHL) Wns ote hae _\2 
T 1!1! 2).2! 3! 3! 
numeric Z (47) 
and 
Z 2 
— 6 
ge (Ape 
Jie /8) = 5/6 fx Cle 
(Jue (gee 
as Mitwemuie sce HP numeric Z (48) 
Similarly 


a P (—D (es al 5 
Jy (2 /6) = S(§) Pee E 2 numeric Z 


n=0 
(49) 
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It is evident, therefore, that a Bessel’s function of any complex 
quantity is an infinite ascending series of powers of that quantity, 
the coefficients being formed on a definite schedule, depending 
on the order of the function. 

Turning now to (48), we know that if the total maximum cyclic 
vector current strength carried by the conductor is Im absam- 
peres, the maximum cyclic magnetic intensity 3, at the surface is 


2 Bh - gilberts 


in phase with the current J,,. If, however, we prefer to consider 
not the maximum cyclic, but the root-mean-square value of the 
total vector current 


f eg Oe eh r.m.s. absamperes Z (51) 


‘Then the corresponding r.m.s. value of the magnetic intensity at 
the surface is 

Aad gilberts 
Miva? cm. 


Z (52) 


and the r.m.s. flux-density at the surface, to current phase as 
standard, 


gausses Z (53) 


Consequently, the r.m.s. value of the magnetic intensity 
Her, at radius x cm, is by (48) 


aly Sy (Agk) r.m.s. gilberts 
ee Ree HOLE oe av 


to current standard phase. Thus, if a copper rod 1 cm. in dia- 
meter (X = 0.5) has a resistivity of 1724 absohm-cm. (vy 
= 1/(1724) = 0.580 X 10-8), a permeability u = 1, and is tra- 
versed by a r.m.s. sinusoidal current of 20 amperes, (I, = 2 
absamperes) at a frequency of 786 cycles per second, (w = 
4938 radians/sec.) Then 


Qo = V —j 12.57 X 0.58 X 10-* X 4.938 X 10? 
= V12.57 X 0.58 X 4.938 \90° 
V 36.0 \90° = 6.0 \45° em." 
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so that 
Op R= FOSS aT Seta numeric Z (55) 


by appended Table IX of Ji (zg \45°), we find Ji (3.0 \45° 
= 1.8 /15°.714 


Consequently, 
_ 2X 2K Ju (emis o* 
Re = O95 18 jie ~ bt \I5°.714 . Js (ox) 
r.m.s. gilberts Z (86) 
cm. 
At the axis of the wire, or x =0, Ji: (0 \45°) =0 \45° 
and 
oe ilberts F 
Hor = 0.0 \60°.714 eiseial sets ah yo? ay 


cm. 


or, the intensity is vanishingly small, lagging 60°.7 behind the 
total vector current; and also 60°.7 behind the intensity at the 
surface of the wire. At x = 0.25 cm., or half way down to the 
axis, ax = 1.5 \ 45°, and 


Hor = 4.444\15°.714 J, (1.5 \45°) 
= 4,444\15°.714 x 0.7599 \28°.952 
= 3.377 \44°.666 r.m.s. gilberts/em.Z (58) 


1.€., 0.422 of the full surface value. At the surface, X =0.5 and 
xr = 8/0° r.m.s. gilberts per cm. 

Next considering (42), we are usually unable to apply this 
formula directly; because we do not know the value of the elec- 
tric intensity nx at the surface, or the current density ix which it 
produces. It becomes necessary, therefore, to find the average 
current density, taking skin effect into account. It is evident 
that the total vector r.m.s. current strength J, (absamperes) 
in the wire, if 7,, is the r.m.s. current density at radius x, will be 


x »¢ 
n= 2NX? bene OX - on { Spas he 
0 


0 
r.m.s. absamperes Z (59) 
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and dividing this by 7-X?, the area of cross-section of the wire, we 
obtain the average vector r.m.s. currerit density ig, in the pres- 
ence of skin effect; namely 


be 
. Mes 2 ; r.m.s.absamperes 
Me rerariy? ee XP [ined sq. a. eae 


0 


Substituting for 7,,, the value from (42) in terms of 7x, we have 


x 
- 2 1X : 
ales rite CSS fos ag 


0 
r.m.s.absamperes 


sq. cm. 


ZoGL) 


It will be found that the integral of mx/6 times the zero-Bessel 
function of a complex quantity mx/6, with modulusmx and 
argument 6, is 


[m0 Jo (mx /6) -dx = x J; (mx /6) numeric Z (62) 
Applying this integral, we obtain 
2 1x Tie 
Ga Cie GCS O Mage Qyx+ Jo (ox) . dx 
0 
2, 1X it ne 
a ees IMCS ee [x-Ji (cvox)] 
2 UXr 
eee nee eee: a 
XxX? hg (ay X) 0 Jy (0 ) 
2 aM J, (aX) r.m.s.absamperes 
eRe se EES ate Z (63 
AX ais th (aX ) sq. cm. ( ) 


whence, with (42) 


hap yl OoX J (Qox) 


os i Dees ic Z (64 
rd 9 F, (onnX) numeric (64) 
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Thus at the axis, where x = 0, aox = 0 \45°, and Jo (ax) 
= 1.0 /0°, 


tor _— Aly X i) 


is Das ae) numeric Z (65) 


In the case above considered with ay X = 3.0 \45°, 


te _ «dB \ 45° 
dg 18-15? 714 


='().8330  \OUl srs numeric Z (66) 


or the axis r.m.s. current density is 83.33% of the average current 
density, as deduced from the actual r.m.s. current and the cross- 
section. At the surface, Jo (aoX) = Jo (3.0 \45°) = 1.9502 
/96°.518; so that 


<= 0.8333 \60°.714 X 1.9502 /96°.518 = 1.625 / 35°.804 
numeric Z (67) 


or the surface density is 62.5% greater than the average density. 

If we consider that the surface r.m.s. current density is equal 
to that which the same numerical continuous electric intensity 
would produce in the linear d-c. resistance R, whereas the average 
r.m.s. density is that which the r-m.s. a-c. electric intensity 
actually produces in the presence of the linear internal impedance 
Z = R' + jX’'; it follows that 


nee oe LXr oh AyX ’ Jo (aX) ie 
Ri ee Tone, numeri: Z (68) 


Here = is the ‘‘skin-effect impedance ratio.’ The real 


; : POS : , : 
component of this ratio is R , the ‘‘skin-effect resistance ratio’’; 


*! / 
while the reactive component of this ratio is ix. the ‘‘ skin-ef- 
fect reactance ratio.”’ 
Thus, in the case considered, by (67) 


<4) 24 695°/'35°.804_ = 1.318 490.9507: numeric Z_(69) 


R 
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so that the skin-effect impedance ratio of the wire at this fre- 
quency is 1.625, its skin-effect resistance ratio 1.318, and its 
skin-effect reactance ratio 0.9507. The apparent a-c. resistance 
of the wire is therefore 31.8 per cent greater than the d-c. 
resistance. 

If, therefore, we denote the skin-effect impedance ratio as 
obtained in (68) by the complex quantity M /B°, where 
M =|Z/R\,and B° = Z/R, 


a M /B° numeric Z (70) 
then 
R’ : 
pS M cos B numeric (71) 
and 
/ / 
= = a2 = Msin B numeric (72) 


But the internal linear inductance L of around wire, in the ab- 
sence of skin effect, is 


otal. abhenrys (73) 
2 wire cm. 
So that 
2 
oa = ae = ey numeric (74) 


eae BeM VIG A? | lore 


aa 5 3 numeric (75) 


— = 42a numeric (76) 


where | aro X | denotes the modulus, or length factor, of the plane 
vector aX. In the case above considered, |aoX| = 3, and 


L' _ 8X 0.9507 


M sin B=0.9507; so that Tr 9 


= 0.8456 
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The apparent linear internal inductance of the wire in the pres- 
ence of skin-effect, is 84.56 per cent of that for zero frequency. 
The radial skin thickness 6 cm., which is equivalent, at full 


Fic. 21—INTERPOLATION CHART FOR BESSEL FUNCTIONS OF THE ZERO 
ORDER OF THE SEMI-IMAGINARY QUANTITY z \45° 


Jo (ao x) = Jo (x V4x 7H 4 (45°) = Jy (2 \45°) = 9 / pp? 


conductivity, to the actual wire at the average conductivity of 
skin effect, is given by 


p-x(1-V1-®) cm. (76 a) 
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In the case above considered 6 = 0.2544 cm. 

Table IX gives the values of both Jo (z \45°) and J; (z \45°), 
for the range z = 0 toz = 10, by steps of 0.1; while Figs. 21 to 
24 give curves corresponding to the entries in the table, whereby 


PLOT OF ARGUMENT @? 
UP T 


0 |Z| =6.0 
boc) 
9.05 
ae 


Fic. 22—INTERPOLATION CHART FOR BESSEL FUNCTIONS OF THE ZERO 
ORDER OF THE SEMI-IMAGINARY QUANTITY 2 \45° 


Jo (ax) = Jo (x V 4 trHe \45°) = Jo (2 \45°) = 00 / H° 


interpolation may be made, by direct inspection, for most en- 
gineering purposes. The curves in Fig. 21 give the modulus of 
Jy (z \45°), in Fig. 22 the amplitude of the same function, in 
Fig. 23 the modulus of J; (z \45°), and in Fig. 24 the amplitude 
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of the same function. Table 1X has been worked out from already- 
existing tables of ber-bei ber’-bei’ functions, using (77) and (78). 
The polar form of the Bessel functions obtained from Table IX 
gives them distinct arithmetical advantages. 


a - 7 ese > i a ae 
a eae 
Or 5 | 
6 re) 
+ 110.0 = ete. 
Wy = t+ 
4 16.5 : aenT 5 + 
“ A oe i 5, 
0 a 07 5 ae 
We) rs) TAI 
5 ar 6.5 (get 
w { « 7D 
Fien! wo ~4 
2 6.04 <—t we ze4.6 3.0 
o 
a | a ie 4.5 
st 
55 < 4 ‘9 
7) - co 
re +43 3 
5 2p 2.8 
PLOT OF MODULUS Q), + t 
UP TO {Z| =6.0 (ala SY cet _ 
RE ae . 5 
AP LZ: et3.8).—+ 2.6 es 
nN 7 ay : ee 
'- 25 ; SAT 9+ 
a 3.5 a ia 
st 4. “ 4 My 1.8 
e 2 = 
Se - 
2 23 + 7 aH 
| % cs e 
= 2.2 au 6 cl 2 
ee EF i! © 
a om 6 {5 } my : 
P, N AN Bis 0. 
| a ah : oO 
114 a S 
fe wu & 1 mt 4 0. a 
~ a } 
ihe Q. es 
he eo)! + “ithe ? 
‘Bo Pe 5 eH0.2 
2 + : E- 
(=) oO 
S 1 — 
[o) 


Fic. 23—INTERPOLATION CHART FOR BEssEL FUNCTIONS OF THE FIRST 
ORDER OF THE SEMI-IMAGINARY QUANTITY vy \45° 


J; (ax) = JixV/4 7720 \45°) = Ji (2\45°) = 9, [6° 


Table X gives the value of lao = V47 yu w, the modulus 
of the propagation constant, for the case of round copper wires, 
of international standard conductivity at 20°C., for various values 
of impressed frequency up to 5000 ~. By its use, in conjunction 
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with Table IX, the computation of the electric intensity 7,, the 
electric-current density i,, the magnetic intensity 5C,, or flux 
density ®,, at any radius «, in a round wire, is facilitated through 


ate 


—-|— 


LOT OF ARGUMENT @? 
UP TO |Z| =6. 


<—+READ @ 


Fic. 24—INTERPOLATION CHART FOR BESSEL FUNCTIONS OF THE FIRST 
ORDER OF THE SEMI-IMAGINARY QUANTITY 2 \45° 


Ji (ox) = Ji (x V4 77 Ho \45°) = Jy (2 \45°) = 9, / 01° 


formulas (42), (43), (54), (64) and (65) as well as the skin effect 
FatOs 2 | hak. PR ean. 

Ber, Bei, Ber’ and Bei’ Functions. Certain functions, derived 
from Bessel’s functions Jp (z \45°), and J; (z \45°), were intro- 
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duced by Lord Kelvin in his classical discussion of skin effect’. 
The ber function is the veal component and bei the «maginary 
component of Jo (z\45°). Analogous relations connect the 
ber’ and bei’ functions with the corresponding real and imaginary 
components of J; (z \45°). Thus, as is shown in Jahnke and 
Emde’s ‘¢ Funktionentafeln ’’ in the discussion of this subject, 


Ji (2 \45°) = beret 7 beiz numeric Z (77) 
and 
J, (2 \45°) fe = ber’ z + 7 bei’ z numeric Z (78) 


From which it is shown that 


R!--. :yoX 5 ber (aX) - bei’ (aoX) — bei (aX) - ber’(aoX) 
1 ol es ber’? (@)X) + bei”? (aX) 
numeric (79) 
and 
Yl od 1 y, ber (@X) « ber’ (aoX) + bei (a@oX) - bei’ (aX) 
ie Bea eee ber”? (aX) + bei’ (aX) 


numeric (80) 


These formulas have the advantage that they give the solutions 
for R’/R and L’/L directly, after a)X is known, from reference 
to Tables of ber x, beix, and ber ’x and bet’x. They have, however, 
the disadvantage of being longer, and of calling for more numerical 
work in computation than the corresponding formulas above 
presented (68), (71) and (76). Thus, in the case already con- 
sidered, we find from ber-bei Tables, ber 3 \45° = — 0.2214, 
bei 3 \45° = 1.9376; ber’ 3 \45° = — 1.5698, bei’ 3 \45° = 0.8805. 


Hence by (79) 


R’ _ 8 J, =0.2214 0.8805 -1.9376 x (=1.5698) _ | a1 
R 2 (— 1.5698)? + (0.8805) =1. 
and by (80), 

L' _ 4 | —0.2214x (—1.5698) +1.9376X0.8805 _ 

Hh " (— 1.5698)? + (0.8805)? = 0.8456 


12. Bibliography No. 9. 
13. Bibliography No. 61. 
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TABLE IX—BESSEL FUNCTIONS OF THE ZERO AND FIRST ORDERS 


of the semi-imaginary quantity (z \45°) expressed in polar form P /? for expression 
Jo (2 \45°) =P 1/00 and Ji (2 \45°) = p,/ 01. 


Jo (z \450) Ji (2 \45°) Jo (2\45°) Ji (2 \45°) 

z Po / 00 Po / 01 z Po 180 Py /61 
0.1 | 1.0000 0.15 | 0.0500 | —44.931] 5.1 6.6203) 183.002} 6.1793} 97.533 
0.2 | 1.0001 0.567] 0.1000 | —44.714] 5.2 7.0339] 187.071] 6.5745] 101.518 
0.3 | 1.0002 1.283) 0.1500 | —44.350] 5.3 7.4752| 191.140] 6.9960] 105.504 
0.4 | 1.0003 2.283} 0.2000 | —43.854| 5.4 7.9455] 195.209] 7.4456} 109.492 
0.5 | 1.0010 3.617) 0.2500 | —43.213] 5.5 8.4473] 199.279] 7.9253) 113.482 
0.6 | 1.0020 5.150} 0.3001 | —42.422) 5.6 8.9821] 203.348] 8.4370] 117.473 
0-7 | 1.0037 7.000} 0.3502 | —41.489] 5.7 9.5524] 207.417] 8.9830] 121.465 
0.8 | 1.0063 9.150} 0.4010 | —40.358] 5.8 | 10.160 | 211.487] 9.5657] 125.459 
Oz" || 70102 11.550) 0.4508 | —39.207} 5.9 | 10.809 | 215.556] 10.187 | 129.454 
PIO) 11.0155 14.217) 0.5014 | —37.837] 6.0 | 11.501 | 219.625] 10.850 | 133.452 
1 (et .0226 17.167] 0.5508 | —36.343| 6.1 | 12.239 | 223.694] 11.558 | 137.450 
52) |e 0319 20.333] 0.6032 | —34.706| 6.2 | 13.027 | 227.762] 12.313 | 141.452 
1.3 |.1.04386 23.750) 0.6549 | —32.928] 6.3 | 13.865 | 231.830] 13.119 | 145.454 
1.4 | 1.0584 27.367) 0.7070 | —31.011| 6.4 | 14.761 | 235.897] 13.978 | 149.458 
1.5 | 1.0768 31.183] 0.7599 | —28.952} 6.5 | 15.717 | 239.964] 14.896 | 153.462 
1.6 | 1.0983 35.167] 0.8136 | —26.768| 6.6 | 16.737 | 244.031] 15.876 | 157.469 
DHA to43 39.300) 0.8683 | —24.451| 6.7 | 17.825 | 248.098] 16.921 | 161.477 
Lee . 1525 43.550} 0.9233 | —22.000] 6.8 | 18.986 | 252.164] 18.038 | 165.486 
1.9 | 1.1890 47.883] 0.9819 | —19.428] 6.9 | 20.225 | 256.228] 19.228 | 169.498 
2.0 | 1.2286 52.283] 1.0411 | —16.732| 7.0 | 21.548 | 260.294] 20.500 | 173.510 
2A el 2743 56.750] 1.1022 | —13.923) 7.1 | 22.959 | 264.358] 21.858 | 177.523 
2.2 | 1.3250 61.233] 1.1659 | —11.000] 7.2 | 24.465 | 268.422] 23.308 | 181.536 
2.3) ol. 3810 65.717] 1.2325 | — 7.970] 7.3 | 26.074 | 272.486] 24.856 | 185.554 
2.4] 1.4421 70.183] 1.3019 | — 4.838] 7.4 | 27.790 | 276.540] 26.509 | 189.571 
2 Jobsoit 74.650] 1.3740 | — 1.613] 7.5 | 29.622 | 280.612] 28.274 | 193.589 
2.6 | 1.5830 79.114] 1.4505 1.701] 7.6 | 31.578 | 284.674] 30.158 | 197.608 
2.7 | 1.6665 83.499] 1.5300 5.099] 7.7 | 33.667 | 288.736] 32.172 | 201.627 
2.8 | 1.7541 87.873] 1.6148 8.570] 7.8 | 35.896 | 292.798] 34.321 | 205.646 
2.9 | 1.8486 92.215) 1.7045 12.111] 7.9 | 38.276 | 296.859] 36.617 | 209.670 
3.0) | 1.9502 96.518] 1.7998 15.714| 8.0 | 40.817 | 300.920] 39.070 | 213.692 
3.1 | 2.0592 | 100.789] 1.9012 19.372] 8.1 | 43.532 | 304.981] 41.691 | 217.716 
3.2 |92.1761 | 105.032) 2.0088 23.081] 8.2 | 46.429 | 309.042] 44.487 | 221.739 
3.3 | 2.3000 | 109.252) 2.1236 26.833] 8.3 | 49.524'| 313.102] 47.476 | 225.764 
3.4 | 2.4342 | 113.433] 2.2459 30.622] 8.4 | 52.829 | 317.162] 50.670 | 229.790 
3.5 | 2.5759 | 117.605] 2.3766 34.445] 8.5 | 56.359 | 321.222] 54.081 | 233.815 
826) 2.7285. | 121-760) 2.5155 38.295] 8.6 | 60.129 | 325.282} 57.725 | 237.842 
3.7 | 2.8895 | 125.875) 2.6640 42.171] 8.7 | 64.155 | 329.341} 61.618 | 241.868 
3.8 | 3.0613 | 129.943] 2.8226 46.067] 8.8 | 68.455 | 333.400] 65.779 | 245.896 
3.9 | 3.2443 | 134.096] 2.9920 49.978] 8.9 | 73.049 | 337.459] 70.222 | 249.925 
4.0 | 3.4391 | 138.191} 3.1729 53.905| 9.0°| 77.957 | 341.516} 74.971 | 253.953 
4.1 | 3.6463 | 142.279] 3.3662 57.840] 9.1 | 83.199 | 345.577} 80.048 | 257.981 
4.2 | 3.8671 | 146.361] 3.5722 61.789] 9.2 | 88.796 | 349.566] 85.466 | 262.011 
4.3 | 4.1015 | 150.444) 3.7924 65.743] 9.3 | 94.781 | 353.693] 91.259 | 266.041 
4.4 | 4.3518 | 154.513] 4.0274 69.706] 9.4 |101.128 | 357.751] 97.449 | 270.071 
4.5 | 4.6179 | 158.586] 4.2783 73.672] 9.5 |108.003 | 361.811]104.063 | 274.102 
4.6 | 4.9012 | 162.657] 4.5460 77.638] 9.6 {115.291 | 365.868]111.131 | 278.133 
4.7 | 5.2015 | 166.726] 4.8317 81.615] 9.7 |123.110 | 369.958]118.683 | 282.164 
4.8 | 5.5244 | 170.795} 5.1390 85.590) 9.8 |131.429 |} 373.983]126.752 | 286.197 
4.9 | 5.8696 | 174.865] 5.4619 89.571) 9.9 |140.300 | 378.002/135.374 | 290.229 
5.0 | 6.2312 | 178.933] 5.8118 93.549]/10.0 |149.831 | 382.099|144.586 | 294.266 


Examples Jo (3 1 \45°) = 2.0592 /100°.789; J: (8.1 \45°) = 41.691 /217° 716 
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Rosa and Grover! have worked out tables of R’/R and L’/L in 
accordance with formulas (79) and (80), for various values of 
|aoX|, up to 100. 


TABLE X—PROPAGATION CONSTANT OF THE MODULUS |a| =“W4ayp0 
FOR COPPER OF STANDARD CONDUCTIVITY, AT 20°C. 
(p = 1724. absohm-cm., yp» = 1.0) for various frequencies f ~. 


5) 0.4785 320 3.828 10.91 
10| 0.6767 340 3.946 11.12 
15} 0.8288 360 4.060 11.32 
20} 0.9570 380 4.172 11.52 
25) 1.070 400 4.280 11.72 
30} 1.172 420 4.386 11.92 
35) 1.266 440 4.488 12.11 
40} 1.354 460 4.590 12.29 
45) 1.436 480 4.688 12.48 
50} 1.513 500 4.785 12.66 
60} 1.658 520 4.880 12.84 
70} 1.791 540 4.973 13.02 
80} 1.914 560 5.064 13.19 
90} 2.030 580 5.154 13.37 

100) 2.140 600 5.242 13.53 
120) 2.344 620 5.328 13.70 
140) 2.532 640 5.413 13.87 
160) 2.707 660 5.498 14.03 
180} 2.871 680 5.580 14.20 
200) 3.026 700 5.662 14.36 
220} 3.174 720 5.742 14.52 
240) 3.315 740 5.822 14.67 
260| 3.451 760 5.899 14.83 
280) 3.581 780 5.976 14.98 
300] 3.707 800 6.053 15.13 


Example. At f = 2000 ~, % 


cy 


SKIN-EFFEcCT IMPEDANCE RaTIO FOR NONSPIRALLED STRANDED 
ConpbuctTors oF Non-Macnetic METAL 


In order to consider the impedance ratio for a stranded con- 
ductor in its simplest case, we may assume that all spirality 
effects are absent, and, therefore, that the conductor is stranded 
without any twisting, or, that if twisting occurs, the spirality 
effects of the twisting may be ignored. The effect of stranding 
a conductor will then be to increase its effective diameter, with- 


14, Bibliography No, 85. 
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out altering the cross-section of metal. Let A BC, Fig. 25, be - 
the cross-section of a solid round wire of great length, and remote 
from its return conductor, or from other disturbing conductors. 
Let its radius be X cm., and its substance have a conductivity 
y abmhos per cm., and a permeability uw = 1. Then let the 
above conductor be divided into a number of parallel strands, 
symmetrically insulated, spaced, and distributed; so that the total 
cross-section, including all insulation between strands, of the 
new stranded conductor A B C is increased n times or 


TX =n X? sq. cm. (81) 
and 93 
X,=XvVn cm. (82) 


The stranded conductor will not differ in permeability from the 


Mies 25 


solid conductor, but will differ therefrom in longitudinal electric 
conductivity. The stranded conductor will have the same total 
linear conductance as the solid conductor; but its average con- 
ductivity over the cross-section will be m times less. Conse- 
quently, the propagation constant a, of the stranded conductor 
will be: 


amiss V4 71 ww \45° Min Luo moar, 
n 
cm! Z (83) 


Therefore the quantity a; X, for the stranded conductor is 


~X Vn = aX numeric Z (84) 
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‘ or is the same as for the solid wire. We thus conclude, from an 
inspection of (68), that the impedance ratio Z/R, as well as its com- 
ponents R’/R, and L’w/R, are the same as for the metallically 
equisectional solid conductor. This is a property of conductors 
already known experimentally. 

Moreover, formulas (42) and (48), relating to the electric 
and magnetic forces and flux densities at any point within a 
solid conductor,clearly apply also to a non-spiralled symmetri- 
cally stranded conductor, if the radius x is expressed as a frac- 
tional part of the total radius X, in each case. Thus the values 
of n,) tz, , and ®,, at half radial depth, bear the same complex 
numerical ratio to the corresponding values at the surface, in 
both stranded and solid conductors. «The actual values of these 


quantities at the surface will not, however, be the same in both 
cases, although the computations are readily made with (54) 
and (64). 


Skin Errect ON UNIFORM FLAT STRIPS OF INDEFINITELY 
GREAT WIDTH 


The problem of skin effect in flat strips, of indefinitely great 
width, remote from disturbing alternating magnetic fields, seems 
to have first been solved by Lord Rayleigh" in 1886, and solutions 
have been given in various forms by a number of writers since 
that date. The steps in the demonstration are, however, pre- 
sented here, because the forms of the final results are believed to 


15. Pender, Bibliography No. 101. 
16. Bibliography, No. 6. 
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offer particular advantages for engineers. Let A BCcb a, Fig. 
26, be one edge of a long wide and flat strip, of uniform conductor, 
whose midplane isat 00,02. The length of the strip is parallel 
to OOi, BC, orbc. The breadth across the strip is parallel to 
O,02, CE or ce. Between the cross-sections at BObdB and 
CO, ce E there is supposed to be a length of 1 cm. of the strip. 
The half thickness of the strip OB, or O,C, is taken as X cm. and 
any layer P P; P, in the strip has a distance of x cm. from the 
midplane. Let y be the conductivity of the metal, in abmhos 
per cm., w the uniform permeability, w the impressed angular 
velocity of the sinusoidal current in the steady state, in the 
direction A BC. Then, if the current density at the layer x 
is 7, absamperes per sq. cm. as indicated by the arrow, the 
magnetic intensity 3C, will vanish at the midplane, will increase 
left-handwards as we increase x positively, and also increase 
right-handwards as we descend to the lower surfaceatx = —X. 
Then, if we consider an elementary layer of thickness dx cm. at 
P P, Ps, the magnetic flux density on the-top of this layer will 
be greater than that at the bottom, the difference being, by elec- 
tromagnetic theory: 


dQ, =47 wiz: dx gausses Z (85) 
or 

qd@, _ ; gausses 

Cx Se cm. depth at) 


The increase of electric intensity dy, in the layer is 


dB; a ‘a : abvolts 
djz = di -dX=j7 WB, dx=p. dix nga Gees (87) 
Gt, 4. CYB, 574. absamperes 
a (pb a ceos Oe cm.depthem. i58) 


Differentiating (86) with respect to x and substituting (88) 


8, 
(ax 


gausses 
cm.? 


Z (89) 


=j47 YuUw BB, = a B, 

where the propagation constant 
a=Vj4Tyuo= 4qayuw /45 

=V27 yuwotjV27 yuo =at+ja em.-! Z (90) 
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Differentiating (88) with respect to x and substituting (86), 


inieut Ak agit absamperes 
Find OY to teen scdas Eile pe (91) 
The solutions of (89) and (91) are 
tz = A, cosh ax + B; sinh ax absamperes 
sq. cm. 
LikI2) 
Atx= X, tx = AicoshaX + B, sinh aX earay fel k: 5) 


atx =—X,t_x = Aicosh (—aX)+B, sinh (-aX)“ “ Z (94) 
= A,coshaX — B,sinh (aX) Kon ht £96} 


But 7, must have the same value in (93) and (95), which can only 
be satisfied with B; = 0. Consequently 


iz = A; cosh ax ADSI DETES 9 Foe) 
sq. cm. 


where ax is a semi-imaginary quantity, or has /45° as an argu- 
ment. Dividing by (93), with B,; = 0, we obtain 


temom2itite -. tr ~¢ cosh ax 


igs mas in = ES 2 numeric Z (97) 


where the subscripts m indicate maximum cyclic, and the sub- 
scripts r root-mean-square values. 
The average r.m.s. current density over the cross-section is 


x x 
. ae 1 . be Le ixr ‘ 
Ig = z| ter? AX = Gar are f cosh ax - dx 
0 


0 


absamperes Z (98) 
sq.Cm: 
wee ah 4X+ : ties tanh a X 
Gefen. Pees ax 
absamperes Z (99) 


Sq. cm. 
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Buttx, = Y nyr, is the uniform current density which the im- 
pressed e.m.f. would produce over the entire cross-section of the 
strip at zero frequency. Hence 


ie => nee => R = enh numeric Z (100) 


When aX has a modulus greater than 6.0, tanh aX = 1.0 /0° 
very nearly, and 


= aX numeric Z (101) 


The skin-effect impedance ratio being aX/tanhaX, let 
this complex quantity be 


— =a aie, numeric Z (102) 
Then 
ie! ; 
ore M cos B numeric (103) 
and 
L'a 4 t 
a = M sin B numeric (104) 
Dividing by w, 
Te 1 OS 
pe en B seconds (104 a) 


As an example we may take the case of an indefinitely wide 
copper strip 0.2 cm. thick and operated at a frequency of 2183~; 


so that 
1 ye ° 
a= Vat doe -2188 /45 = 10 ./45°. 
Then X = 0.1 cm. and aX = 1.0 /45°. 


By Tables,” tanh 1.0 /45°= 0.9308 /27°.044 


17. Kennelly, Bibliography No. 99. 
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appli ialiik = Speen rie GCI: 
sonthat E7 Vose arose ee le Be 


, 


= 1022 + 70csteend ee 


Re 1.022 


The skin effect resistance ratio is therefore 1.022. 
Again, using (97) and (100) 


tom tay ee OS Peek cosh ax 
igh = tpn stnbeec ae ~ (sinh as 
ax 
. numeric Z (105) 
The complex ma has been tabulated and charted for the 


argument /45° up to |aX| = 3.0. Thus in the case considered, 
sinh 1.0 /45° 


by Tables, 1.0 45° = 1.0055 /9°.531; so that in this case 
mac = 0.9945 \9°.531 cosh ax numeric Z (106) 
qr 


At the midplane, where x = 0, and cosh 0 /45° = 1.0 /0°, the local 
current density is about 0.5 per cent. less than the average cur- 
rent density and lags behind it 9°.5. At the surface, where 
AX = 0.1, and aX = 1.0 /45°, cosh 1.0 /45° = 1.080 /27°.487; so 


that “2 = 1.074 /17°.956 and the surface current density is 


tar 


7.4 per cent greater than the average and leads it nearly 18°. 

The external skin thickness 6 cm., which, carrying the surface 
current density 7x,, would be the equivalent of the half thickness 
of strip carrying the average current density ig, is defined by the 
condition 


6 R ; 

3 ae numeric (107) 

or 
R 

ne ae rae cm. (108) 

or 
tanh ax can 
6 oe) cos B , cm. (109) 
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For frequencies sufficiently high to make |aX| > 6.0, this approxi- 
mates closely to 


be Iz] Va cm. (110) 


Os 


tanh 1.0 /45° 


Thus, in the case considered, UMM iE hat is, by tables, 0.9308 


ARE .956, and 6 = 0.09308/cos (17°.956) = 0.09308/0.9513, 
= 0.0978 cm., approaching more and more nearly to 1/a.cm. 

as the frequency increases. 

Returning to (89), the solution for ®, is 


@x = Azcosh ax + By sinh ax gausses Z (111) 


where a, as before, stands for the semi-imaginary 

V4T Yb w [45° = a2 +jar ea WA 
In order that @x= — @-_x; 7.e. that the flux-densities at opposite 
surfaces shall be equal and opposite, it is Hecessat that A» should 
vanish, and this leaves 


@z = Bz sinh ax gausses Z (112) 
and 


KH Cae ur sinh ax ; 
om = ps, siebernes arnt J Gal} 
Cae Sexe GO sinh aX er as oe) 


The r.m.s. surface flux density @x, is determined by the fact that 
if I, is the r.m.s. value of the current per unit breadth of strip, 
in absamperes per cm. 


=27u_l, gausses Z (114) 
and 
Bes 2 we pele : 
Car = Sa sinh ax gausses Z (115) 


Thus in the case considered, if the r.m.s. current carried is say 
1 ampere per cm. of breadth, J, = 0.1 /0°, sinh 1.0 /45° = 1.0055 
_ /54°.531. Hence 

0.6283 /0° 


yp ee ee ee eee : 2 Z 116 
i 1.0055 /54°.531 ae an gausses Z (116) 
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At the midplane where x = 0, sinh ax = 0/45°, and @y = 
0\9°.531, i.e. vanishing flux density, lagging 9.°53 behind the 
phase of average current. 

It will thus be observed that the change in form ut a linear 
conductor from a solid cylinder to a wide flat strip, has the effect 
of substituting hyperbolic functions of a semi-imaginary variable 
ax for Bessel functions of a closely related semi-imaginary 
variable aox where |a| = |a)|, and @ = j a, the form of the 
fundamental equations (42)—(97) and (48)—(113) remaining un- 
changed. 

As was first pointed out by Steinmetz!’, the conditions of cur- 
rent density as we penetrate into the strip, correspond to those of 
current strength in a long pair of parallel a-c. lines, with distri- 
buted constants, a millimeter of depth corresponding perhaps 
to hundreds of kilometers of line length. In fact, formula (97) 
is identical with that which expresses the current strength at any 
point of a pair of wires in a telephone cable, with negligible 
inductance and leakance, short circuited at the distant end, which 
then corresponds to the midplanein the strip. Similarly, formula 
(113) for the ratio of magnetic voltage gradients in the strip, is 
identical with the formula for electric voltages across such a pair 
of wires. The propagation constant @ is a semi-imaginary in 
each case, the linear leakance corresponding to conductivity, 
and linear resistance to permeability. Just as in the cable, the 
wave length is! 


A= — = ——_ length units (117) 


so in the strip, the wave length is given by this formula, the cm. 
or c.g.s. length unit being employed. Thus, in the case con- 
sidered, where a = 10 /45°, and a2, the imaginary component 


6.283 & 1.414 


of ais 7.071; \a| = 10, and? x= i0 


= 0.8885.cm. 
That is, the rate of change of phase in the propagation of electric 
and magnetic intensities as we penetrate the strip, is one complete 
cycle, or 360 degrees, for 0.8885 cm. 7.e. 405° per cm., and 40°.5 per 
mm. Reflections from the midplane in a shallow strip, disturb ° 


18. Bibliography No, 66. 
19. Bibliography No. 84. 
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this relation, which tends to be presented more nearly accurately 
as the thickness of the strip is increased. 

The skin-effect theory of indefinitely wide strips, as outlined 
above, appears to be of but little service in the actual use of 
ordinary copper-strip conductors, owing to the large disturbing 
magnetic effects at the edges. It is, however, useful in relation 
to the use of copper-tube conductors, and especially when these 
have large diameter and thin wall. The wall thickness X cm. 
should then correspond to the half-thickness X of a wide strip; 
since the flux density must vanish at the inside wall of such a tube. 

There is, however, another reason why the above skin-effect 
theory of strips should be considered, in spite of its very imperfect 
application to narrow strips; namely, because it applies with but 
little modification to the important case of magnetic skin effect in 
steel strips or laminae of sheet steel, if the permeability can be 
taken as constant at an average value. The discussion of that 
theory is out of place here; but it may be permissible to point 
out that formula (97) applies to the magnetic lamina case, when 
flux densities ®, and ®x substituted for current densities i, and - 
tx, and formula (113) likewise applies to the magnetic case, when 
electric current densities 7, and ix are substituted for ®, and ®x. 
That is, the theory of the magnetic strip case follows the same 
course as that of the electric strip case, above outlined, when 
magnetic and electric flux densities are mutually interchanged. 
Formulas (99), (100), (109), (110), (113) and others, then apply 
to both cases. It is evident that complex hyperbolic functions 
are a natural key to the actions in both cases. 


EMPIRICAL FORMULA FOR NARROW Strips 1.6 mm. THICK 
The curves of Fig. 10, present the resistance ratios of three 
widths of 1.6 mm. copper strip up to 5000 ~ at 60 cm. spacing. 
From these curves an approximate empirical relation has been 
found between about 1000 and 5000 ~, namely: 


TRY 
R 


= 0.308 fo 2! w0168 numeric (118) 


where f is the impressed frequency, and w the strip width in cm. 
This empirical formula is clearly inapplicable at low frequencies; 
but serves to indicate the effect of increasing strip width for the 
range covered in these tests. 

20. Bibliography No. 101, p. 1284. 
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List oF SYMBOLS EMPLOYED 


A, external inductance of a test loop (abhenrys). 

A,B, arbitrary constants of electric current density in integra- 
tion equation (absamperes per sq. cm. Z). 

A’, B’, arbitrary constants, magnetic intensity in integration 
equation (gilberts per cm. Z). 

A,, By, arbitrary constants electric current density in integration 
equation (absamperes per sq. cm. Z). 

Az, Bo, arbitrary constants, magnetic flux density in integration 
equation (gausses Z). 

a, length of a rectangular loop (cm.). 

a= V4T Yo /45°, propagation constant for a flat strip, a 
positive semi-imaginary (cm.-' Z). 

ay = V47 ¥ ww \45°, propagation constant for a solid cylinder, 
a negative semi-imaginary (cm. Z), 


1, propagation ‘constant for a stranded cylinder, a 
negative semi-imaginary (cm.! Z). 

Qe, imaginary or real component of a semi-imaginary propa- 
gation constant (cm. ~?). 

(sy argument of a complex number expressing a skin-effect 


impedance ratio (radians or degrees). 

Gz, Wem, Bar, instantaneous, maximum cyclic, and r.m.s. values 
of flux density at point of radius x (gausses Z). 

b, interaxial distance between two parallel wires (cm.) 

Y = 1/p, electric conductivity of material (abmhos per cm.) 

GC skin-effect inductance ratio L’/L (numeric) 


d, diameter of round conductor (cm.) 
also sign of differentiation. 
é, thickness of skin carrying the same current at surface 


flux density as the whole cross-section at varying 
densities (cm). 
also the argument of a complex quantity 2/6 in a Bessel 
function (radian or degree). 
€ = 2.71828..., Napierian base. 
Nz) Nem) Nor, instantaneous, maximum cyclic and r.m.s. values of 
electric intensity at point of radius x (abvolts per cm. Z) 
Nx, Nxmy Nxr, instantaneous, maximum cyclic and r.m.s. values of 
electric intensity at surface of radius X (abvolts per 
em: Z); 
a frequency of impressed alternating current (cycles per 
sec.) 
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Hz, Kom, er, instantaneous, maximum cyclic and r.m.s. values of 
magnetic intensity at point of radius x (gilberts per 
emisZ)! 

Im, Ix, r.m.s. alternating currents in the sides of a Heaviside 
bridge (amperes Z ). 

Im, Ir, maximum cyclic and r.m.s. values of alternating cur- 
rent in a conductor (absamperes Z). 

1x,1xm,1xr, instantaneous, maximum cyclic, and r.m.s, values of 
current density at surface of radius X (absamperes 
per sq. cm. Z). 

12, Izm, tzr, instantaneous, maximum cyclic, and r.m.s. values of 

current density at radius x (absamperes per sq. cm. Z). 

1q, Igm, Mgr, instantaneous, maximum cyclic, and r.m.s. values of 

vector average current density over cross-section 
(absamperes per sq. cm. Z). 

j=av-—i 

Jo (zg), zero-order Bessel function of first kind, for a vari- 
able z (numeric). 

Ko (2), zero-order Bessel function of second kind, for a variable 
z (numeric). 

J, (z), first-order Bessel function of first kind, for a variable 
z (numeric). 

K, (2), first-order Bessel function of second kind, for a vari- 
able z (numeric). 


i twice the mutual inductance per turn of the secondary 
winding in Heaviside bridge (henrys per turn). 

k, twice the resistance of one cm. length of Heaviside- 
bridge slide wire (ohms per cm.). 

1 linear internal inductance of conductor in test loop 
without skin effect (abhenrys per linear cm.). 

is inductance of the test loop at zero frequency (henrys 
or abhenrys). 

Le, inductance of the test loop at test fequency, with 


skin-effect (henrys or abhenrys). 
also linear internal inductance of conductor at test 
frequency, with skin-effect (abhenrys per linear cm.). 
L"’;, L’’x, inductance in the P and X arms of a Heaviside bridge 
(henrys). 
L’>, L’x, inductances in the P and X arms of.a Heaviside bridge 
excluding slide wire (henrys). 
lo, reading on Heaviside-bridge slide wire with loop short- 
circuited (cm.). 
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hy, reading on Heaviside-bridge slide wire with loop inserted 
(cm.). 

lL, total length of slide wire in Heaviside bridge (cm.). 

r, wave-length of propagation (cm.). 

M = |Z/R\|, modulus of a complex number expressing a skin- 
effect impedance ratio (numeric). 

M, permeability of a substance to magnetic force [gausses 
per (gilbert per cm.)]. 

also twice the inductance change per cm. of Heaviside 
bridge slider (abhenrys /cm). 

mM, a constant coefficient of the variable in a Bessel func- 
tion (numeric Z ). 

m, mutual inductance in a Heaviside bridge wire (henrys). 

Mo, mutual inductance in a Heaviside bridge wire for 
balance with loop shorted (henrys). 

mM, mutual inductance in a Heaviside bridge wire for 
balance with loop inserted (henrys). 

Nn, the general term number in an expanded series, also 
ratio of amplification of cross-section in stranding a 
conductor (numeric). 

No, number of turns in secondary of mutual inductance in 
Heaviside bridge wire for balance with loop shorted 
(numeric). 

nN, number of turns in secondary of mutual inductance in 
Heaviside bridge wire for balance with loop inserted 
(numeric) 

Pp, order of a Bessel function (numeric). 

w = 3.14159... 

R; resistance to continuous currents of the test loop with- 
out skin effect (ohms). 

also linear resistance to continuous currents of the test 
loop (absohms per linear cm.). 

RY resistance to alternating currents of the test loop with 


skin-effect (ohms). 
also linear resistance to alternating currents of the test 
loop with skin effect (absohms per linear cm.). 


Rp", Rx’, resistances in P and X arms of a Heaviside bridge 


(ohms). 


Rp’, Rx’, resistances in P and X arms of a Heaviside bridge 


excluding slide wire (ohms). 


r.m.s., contraction for root-of-mean-square. 
p = 1/7, resistivity of material (absohms cm.). 
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i. time elapsed from a selected epoch (seconds). 

w, width of a flat strip (cm.). 

XG external radius of a cylindrical conductor (cm.). 

ne radial distance of a point on a cylindrical cross-section 


from the axis (cm.). 

; half thickness of a flat strip conductor (cm.). 

total radial thickness of the wall of a tubular conductor 

(cm). 

F linear reactance of conductor in test loop, with skin- 
effect (absohms per linear cm.). 

: equivalent external radius of a stranded cylindrical con- 
ductor (cm.). 

Z = R' + j X', linear impedance of conductor in test loop with 

skin-effect (absohms per linear cm. Z). 
Zu, Zy, Zp, Zx, mMpedances in the four arms of a Heaviside bridge 


ae ses 


(ohms Z ). 
w = 27f, angular velocity of impressed alternating current 
(radians per second). 
~, sign for ‘‘ cycles per second.” 
lz|, sign for the modulus of a complex quantity z (numeric) 
ae sign for the argument of a complex quantity z (radians 


or degrees). 
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Discussion ON “EXPERIMENTAL RESEARCHES ON SKIN ER- 
FECT IN CONDUCTORS” (KENNELLY, Laws anp PIERCE), SAN 
Francisco, Cau., Sept. 16; 1915. 


H. B. Dwight (by letter): In the discussion of the mea- 
surement of the skin effect resistance ratio of copper strips, 
spaced at 60 cm., it is stated that the large discrepancies be- 
tween the theory for infinite strips, and the observations made, 
are believed to be due to power being dissipated by eddy cur- 
_ rents. All distortions of current connected with skin effect 
may be called eddy currents, but where the conductors are far 
apart and carry sine wave currents, the distortions of current 
are regular, and this case of skin effect obeys very similar 
laws to those governing round conductors. 

In the case under discussion, formula (103) of the paper 
is used, which takes into account only the crowding of current, 
due to skin effect, toward the flat surface of the copper strips. 
A more important action is the crowding of current toward 
the edges of the strip, and this accounts for practically all of 
the skin effect observed at 60 cm. spacing. 

If the thickness of the strip is considered to diminish in- 
definitely, but the conductivity to increase so that the total 
resistance of the strip remains the same, then the only action 
is a crowding of current toward the edges of the strip. For 
this case, the skin effect resistance ratio can be shown mathe- 
matically to be the same as that of a round copper wire of 3/8 
times the resistance of the strip considered. Figs. 14 and 15 of the 
paper show that such a formula is inapplicable to strips of appre- 
ciable thickness since it gives ratios that are too large. How- 
ever, it is possibly a closer calculation than the formula for 
infinite strip used, and it tends to show that if the ratios were 
calculated by formulas applicable to strips of finite dimen- 
sions, the theory would probably check the test results of 
Table VII as closely as the computed ratios check the tested 
ratios for round wire given in Table III. 

Compact engineering formulas for skin effect of uniform 
round non-magnetic conductors at commercial frequencies may 
be expressed in terms of the resistance of the conductor. Thus, 


ante 1 BOS 5 100 4 
Roar 1+ “(i000 Ra)® Ra? (1000 Ran) Ra)! for 60 cycles, 
and 
Re 1.91 3 
¢ —— _oa—a—"ne.—angvvTvoaQaaamm re | ’ 
Ra’ * (1000 Ral? ~ (i000 Ro 25 cycles 


where Ra, is the resistance of the conductor to direct current 
in ohms per 1000 ft. These formulas are applicable to wire 
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or cable, of copper or aluminum, and for sizes of conductors 
up to 14-in. diameter. 

J. E. ‘Clem: Although Dr. Kennelly does not discuss the 
skin effect of conductors located within a-c. machinery, jitedS 
worth while to mention the fact that the increase in copper loss 
in conductors within machines due to current distortion is 
very much larger than in cables or busbars, on account of what 
Dr. Kennelly terms ‘‘ proximity effect.” This is due to the 
fact that within machines a large number of conductors carry- 
ing currents at high density are placed in very close proximity 
to each other and as a result the magnetic field traversing the 
copper is of considerable value. In generators and transformers 
this is especially true. In fact, in many cases, unless special 
precautions are taken in design, the copper loss may be in- 
creased 20, 30, or even 50 per cent at 25 or 60 cycles on ac- 
count of this “proximity effect.” ‘Occurring at normal fre- 
quency, it is evident that within machines this phenomenon 
is of the utmost importance to the designer. 

The distribution of the flux in a conductor in a machine is 
very different from the distribution of flux in a conductor in 
air. In a conductor in air the flux forms cylinders or flattened 
cvlinders around the conductor, depending upon whether the 
conductor is a round wire or a strip. See Fig. 11 of paper. 
In machines the presence of iron usually causes the flux to 
traverse the conductor in approximately straight lines, the 
flux density increasing from one side of the conductor to 
the other. This case corresponds approximately to that shown 
in Ris. 12: 

While the cause of the extra loss due to the unequal distri- 
bution of current is the magnetic flux in both cases, the mathe- 
matical development should be different because of the dif- 
ferent flux distribution. Mr. A. B. Field read a good paper on 
this subject in 1905 before the A. I. E. E., in which he developed 
a method of determining these losses. 

L. P. Ferris: The results of most importance, seem to me 
to be those which apply to the skin-effect resistance-ratio. 
We are more interested in the increase of resistance of a con- 
ductor due to skin effect than we are in the slight decrease 
in the inductance due to the same cause. The method 
by which the skin-effect resistance-ratio was determined ex- 
_ perimentally is of considerable interest. The bridge was so 
arranged that this ratio could be determined by a few settings 
on a slide wire of the bridge. This is shown in Table II. The 
simple formula for the skin-effect resistance-ratio involves 
two functions which are proportional to the a-c. and d-c. re- 
sistances, but it is not necessary by the method used to de- 
termine the absolute magnitude of either resistance. The 
accuracy of these results, in so far as the resistance-ratio is 
concerned, should be very high, and this is shown to be true 
by the close agreement of the experimentally determined ratios 
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with those computed, in the cases where the “proximity effect”’ 
is small. 

For the inductance-ratio it is necessary actually to determine 
the magnitude of the inductance at high frequency; the com- 
puted external inductance of the circuit, which does not change 
with the frequency, subtracted from the measured total in- 
ductance, leaves the value of the internal inductance which is 
compared with the computed internal inductance at zero 
frequency. As the change in inductance is only a small pro- 
portion of the total in non-magnetic materials such as were 
used in these tests, the precision with which the experimental 
results accord with the computed results is to be considered 
highly satisfactory. 

There is indicated a very. ingenious method of increasing the 
sensitivity of the telephone detector in a-c. bridge work at 
low frequencies. It is simply to place in series with the de- 
tector a telephone transmitter in front of which is a telephone 
receiver carrying an alternating current at, say, 700 cycles. 
This device causes a high-frequency variation in the low- 
frequency current passing through the detector when the 
bridge is out of balance. I have had occasion to try this device 
and found it very successful. The high-frequency effect greatly 
increases the ease and accuracy of the settings. 
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Presented at the Panama-Pacific Convention “of 
the American Institute of Electrical Engineers, 
San Francisco, Cal., September 16, 1915. 


Copyright 1915. By A. I.E. E. 


SYMPOSIUM ON “INVENTORIES AND APPRAISALS OF 
PROPERTIES” 


The following papers were presented at the session of the 
Panama-Pacific Convention devoted to the subject of Inven- 
tories and Appraisals of Properties. These papers were supple- 
mented at the session by contributions from other members 
of the Committee on Inventories and Appraisals of Prop- 
erties, which are included in the printed discussion. 


° 
PART I 

THE CuieFr Factors tHat’ Must BE TAKEN INTO ACCOUNT 
IN Maxine aN INVENTORY AND APPRAISAL OF AN ELECTRIC 
LIGHTING AND Power Property; Tue Facrors UsuaLty 
UNIVERSALLY RECOGNIZED; THE Factors GENERALLY RECOG- 
NIZED;.THE Factors REGARDING WHICH THERE IS SERIOUS 
CONTROVERSY; DIFFERENCES IN INVENTORIES AND APPRAISALS 
OF PROPERTIES WHEN THESE ARE TO BE USED FOR DIFFERENT 
PURPOSES. ; 


BY Cs CORY. 


S WITH any other engineering, economic or financial prob- 
lem, before starting on an inventory and appraisal of an 
electric light and power property it is absolutely and imperatively 
necessary to decide upon, and constantly keep very clearly in 
mind, what is desired and what technical name shall be given the 
answer or conclusion. A vague and nebulous idea of the aim of 
the work to be done surely leads to unsatisfactory results, which 
are often misleading and more often misused. In many instances, 
useless work is done at great expense in getting an answer or result 
which has no real significance and has a value far less than the 
cost incurred in obtaining it. 

Because it is not at the outset made perfectly clear, so that it 
may be understood alike by all—attorneys, managers and direc- 
tors of utilities, commissioners, financiers, and other engineers— 
what it is intended to call the final answer, it is not uncommon to 
find appraisals of the same property made by different engineers 
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differing so widely as to discredit the engineering profession and 
create in the minds of those with little or no engineering training 
or experience not only grave doubts, but convictions, that in 
general detailed complex inventories and appraisals should be 
given very little weight when tested by the rules of evidence. 

Because of my strong belief in the foregoing, I prefer to lay 
stress upon this one of the many chief factors which should be 
taken into account in making an inventory and appraisal of any 
public service utility or industry. 

Any one of not less than five results may be sought in appraisal 
work, and to them I give the following names: 

1. The investment 

2. The original cost 

3. The cost of reproduction new 

4. The reproduction cost 

5. Present value. 

Assuming for the present that the final figure which is to be 
determined may, within reasonable limitations, be given one of 
the above five labels, it is obvious that a clear mutual under- 
standing must be had in the beginning, before the inventory and 
appraisal work is undertaken, as to which of the five results is 
wanted. If this is done at least one perplexing question, namely: 
‘’ May there appropriately be differences in inventories and ap- 
praisals of properties when these are to be used for different pur- 
poses?’’, which has arisen time and time again, may be definitely 
and finally answered emphatically ‘‘ Yes.’’ 

It is of course well recognized that in the present state of legis- 
lative, judicial and administrative procedure, and also in the 
financial, economic and engineering field, the ‘‘ value’”’ of an 
operating composite system such as an electric lighting and power 
property is very difficult to determine. Confusion is, however, 
but more confounded when any process of analysis is utilized 
which considers synonymous or equivalent any one of the above 
five names for the ultimate result of such analysis. 

Without attempting at the outset to indicate the purpose for 
which a valuation may be undertaken, whereby any one of these 
five conclusions or results may be desired, it is important to 
indicate the salient differences in the principles of, as well as in 
the final results reached by, each of the five methods. 


THE INVESTMENT 


Ordinarily it would not seem difficult to set up an outline and 
method of procedure if the inquiry is concerned solely with the 
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investment. The history of the property should be gone into 
most thoroughly to ascertain not only how much money, ordinar- 
ily designated “‘ capital account,” has from the beginning been 
expended, but also the cost to the company or property of 
obtaining this money. It is apparent that discount on bonds, 
commissions paid for the sale of stock, organization expenses, and 
the cost of obtaining and building up the business, must all be 
included as actually shown by the records of the company, in- 
dependent of the consequences to the property or their customers 
of such bona fide expenditures. 

The actual investment which has been made, voluntarily or 
otherwise, from the sale of securities or from earnings, indepen- 
dent of the results of such expenditures, is the general desideratum 
sought. Whether the property at the present time is a ‘‘ valu- 
able’’ one or not, has any material business value as a going 
concern, or has any future prospects, has no effect on the amount 
of the investment, and it is only necessary to consider whether 
the various items of investment were made with honest intentions 
in good faith, with reasonable wisdom, and with adequate 
knowledge of the effect of such money expenditures. 

If, on the other hand, by the purchase or acquisition in any 
manner of lands, water-rights, easements or any facilities, an 
investment of a given sum of money or its equivalent has resulted 
in the possession by the property of things of very great value, 
many times by the unearned increment route, it is still the actual 
investment, and not the larger ‘‘ value,’’ which must be included 
in the determination of the total result. 

Great care must of course be taken to fairly and justly segre- 
gate all expenditures into capital or construction and extension 
expense, on the one hand, and maintenance, repair and operating 
expense on the other. But once this has been done, the amount 
of the dividends or interest to stockholders or investors, whether 
abnormal or nil, respectively, in the past should not affect the 
conclusion as to the investment in the property at the present 
time. 

It is difficult to conceive a valid reason or purpose for making 
such an investment appraisal of a property, and yet it is often 
found that commissions and others in an academic and theoretical 
fashion give great weight to the actual investment features of a 
valuation, even for rate fixing purposes. Similarly, managers 
and owners of properties often do the same thing when a total 
is to be obtained upon which taxes are to be computed. Never- 
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theless, it is manifest that the ‘‘ investment ’’ in the property 
may not and in most cases does not, to any appreciable degree, 
indicate its ‘‘ value.” 


THE ORIGINAL Cost 


The determining of the original cost and of the investment have 
many details and quantities in common. Ordinarily, the dif- 
ference between them is that the former excludes everything 
but the actual physical property which is dignified by the word 
“tangible.” It is difficult to convince some types of minds that 
anything which has no physical existence is real. To such 
men, to place a monetary figure upon so-called ‘“‘ intangibles,” 
even if the records of the property show unquestionable and 
wise expenditures for some things other than actual physical 
property, seems pernicious. They seem to think that such 
expenditures have gone for something not unlike ‘ ghosts ”’ 
or “spirits,” have the same faculty of disappearing without 
permission, are not under human control, and should be wiped 
out by judicial or commission decisions. 

The owners and managers of operating properties, on the 
contrary, too often have exaggerated and unsubstantial ideas 
of the ‘‘ value” of the business of such properties, in most 
cases far in excess of the actual or theoretical cost of develop- 
ing the business. In relation to such intangibles there is cer- 
tainly serious controversy, and until a more sensible and prac- 
tical view-point is established in this regard no very satisfactory 
agreement seems attainable. 

Generally speaking, the ‘‘ original cost ’? is most often deter- 
mined independent of the ordinarily necessary methods of 
financing, and in this regard probably morethan in any other, 
except the restriction of “original cost” to the physical 
property only, is there a decided numerical difference between 
the figures obtained which represent the ‘‘ investment’ and 
the “‘ original cost ”’ respectively. 


THE Cost or REepropuction New 
Since large public service properties are not bought, sold 
and exchanged as often and under the same conditions as real 
estate, grain, stocks and other forms of wealth, and since it is 
becoming more and more desirable in recent years to determine 
or at least approximate the “value” of such properties, we 
have the sanction at least of the highest court in the land that 
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one of the best measures of “ value” is the “cost of repro- 
duction new.”” For this reason more than any other, perhaps, 
most inventories and appraisals tend in their final analysis 
toward this end. 

If wisely and fairly considered from every angle, particularly 
in the various details and processes involved in arriving at the 
result, the “cost of reproduction new” is a very compre- 
hensive and pretty nearly all-inclusive measure of the “ value ” 
of a property under given conditions, and may be made, the- 
oretically at least, to include not only the physical property 
but the so-called intangibles as well. The most wisely directed 
and painstaking inventory is absolutely necessary, however, 
and equal care must be continued in arriving at the unit costs. 
and the so-called overhead percentages. The writer has per- 
sonally found it of great value and assistance to ascertain as 
nearly as possible what the “ original cost’ has been, frankly 
aware all the time, however, that “ original cost”? and “ cost 
of reproduction new ” may and often do result in widely vary- 
ing figures. To substantiate intangibles such as “‘ value of 
the going concern,’’ a measure of which is often dictated by, 
but not identical with, the ‘‘cost of developing business,” 
it is many times enlightening and in a few cases convincing to 
get the actual figures from the records when such are available 

One important question many times does, and certainly al- 
ways should, arise, however, which has to do with the query 
as to whether the property as it exists today, built piecemeal 
during the construction and extension periods covering perhaps 
years of time, is to be reproduced item for item, or is the service 
rendered today to be reproduced by a “‘ substitute ”’ installa- 
tion, possibly of the most modern type. If the ‘cost of re- 
production ’’ were desired, there can be little question but that 
“costs” or “unit prices’ should be of today or the present 
time, rather than the “ historical costs,” and herein will in most 
instances be found the discrepancies, often noted with criticism, 
between two appraisals of the same property by two different 
engineers. ‘“‘ Original unit costs’? and ‘ present unit costs ” 
very seldom, if ever, are identical, and a property built new to- 
day, taking advantage of every modern invention and im- 
provement, not only in physical units but in scientific processes, 
would not by any means be the physical duplicate of a simi- 
lar but different property which might well give the same 
service, but which has been developed and extended from a small 
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beginning years ago. Hence there is every reason why the 
final figure of an appraisal based on “ original cost’ should 
differ very materially from another appraisal of the same 
property based on ‘cost of reproduction new.” 

It remains for some authoritative body, court, commission 
or engineering society to establish if possible which is the best 
measure of “value” or perhaps “ present value,” ‘ original 
cost’ or “cost of reproduction new”? in any given case, 
but it requires only ordinary common sense to appreciate that 
neither is synonymous with “ value,” and, what is of more 
importance, that there is no possible valid reason why they 
are equivalent or synonymous with each other. 


THE REPRODUCTION Cost 


I do not know to what extent ‘reproduction cost” has 
become known as a term to indicate the cost of reproducing a 
property in its present physical condition, taking into con- 
sideration physical deterioration, as contrasted with the “cost 
of reproduction new.’”’ For obvious reasons no public service 
property can accurately be considered as ‘‘new’’. It may 
possibly all have been new at one time, but in most practical 
cases the original plant was so insignificant in size and capacity, 
as compared with the present one, that but a very small part 
at any time may be accurately said to be new. 

The component physical parts of such a property are so com- 
plex, requiring constant renewals, reconstruction and enlarge- 
ment, that it is but academic and theoretical to apply the 
adjective ‘new ”’ to but a small part of the whole. Physically 
it is beyond the realm of possibility to have a new public utility 
property. Parts of it must be physically deteriorated, but not 
necessarily to the same extent depreciated in value particularly, 
from the service standpoint. 

Therefore, since service is continuously rendered and pre- 
sumably will continue to be so rendered in future, no public 
utility property can possibly be in 100 per cent physical con- 
dition, but at some percentage less than its original or initial 
physical condition. So long, however, as elements in the com- 
plex utility properties fulfill their part in economically and re- 
liably rendering service, they have not necessarily suffered 
“depreciation of value.” 

‘Reproduction cost ”’ then may be said to differ from “ cost 
of reproduction new ” in a practical but very important sense. 
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In determining the former the present physical condition and 
service usefulness of each element is taken into account in arriv- 
ing at the final figure. Obviously knowledge and experience 
are necessary to arrive at an accurate conclusion. The service- 
ableness in a broad sense of each device as well as the complex 
property as a whole is of more importance than its age or exact 
physical condition. 

It would seem that a higher and more experienced order of 
mind is necessary to make an estimate of the ‘‘ reproduction 
cost’ than that required to collect the data for an appraisal 
on the basis of the “cost of reproduction new.’’ Neither, 
however, can be said to give a very conclusive measure of 
“value,” although it is the writer’s personal opinion that in 
most practical cases ‘‘ reproduction cost ’’ is a broader, more 
comprehensive, and better indication of ‘‘ value’? than the 
“cost of reproduction new.” 


PRESENT VALUE 


If knowledge, and patient detailed work, are required to 
estimate the investment in, or cost of, a public utility property, 
then surely a combination of wisdom, experience and alert 
yet sound judgment is necessary to determine approximately 
the “‘ value,” or what is more commonly referred to as the 
“present. value,” of the same property. Cost may be and 
often is an indication of value, but cost and value must not be 
confused, or, except in the rarest cases, considered as equal. 
In attempting to determine either, especially in a public utility 
property, every evidence of the magnitude of both should be 
most carefully weighed. 

Depreciation of value, especially from the standpoint of service, 
does not follow the same law as physical deterioration. Never- 
theless, from the courts and many commissions, we have num- 
erous precedents for attempting to determine ‘‘ present value ”’ 
by first finding the ‘‘ cost of reproduction new’’ and then 
deducting a purely theoretically computed quantity, based 
primarily on estimated life tables, termed ‘“‘ accrued deprecia- 
tion,’ and then call the remainder ‘‘ present value.” 

Notwithstanding the precedents for, and present practise of, 
estimating present value by mixing up ‘cost of reproduction 
new’ and “‘ accrued depreciation,” the writer does not con- 
sider this procedure has any merit either in fact or in equity. 
It is only because of the limitations restricting our experience 
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in these matters up to the present time, that the questionable 
expedient has been resorted to of tacitly admitting that ‘ pres- 
ent value’’ is less than the “‘cost of reproduction new” 
by an amount which more or less depends upon the physical 
age and the condition of the component parts of the property. 

Value depends upon a large number of factors which mani- 
festly cannot be determined solely by the logic of mathematics, 
any more than one can determine the value of an individual 
to society by any similar process. Upon some of the elements 
of value, practically all competent and fair-minded men will 
agree, but upon others in our present state of inexperience and 
lack of tested data there will be wide yet honest differences 
of opinion for some time to come. 

Value, however, cannot be determined independent of the 
service rendered, judging this service from the standpoint of 
its quality, reliability and cost of production. The rates to. 
be changed for such service are of secondary importance either 
to the public utility property or its customers, providing the 
mutual interests of both are maintained, not only for the present, 
but for the future as well. 


Presented at the Panama-Pacific Convention of 
the American Institute of Electrical Engineers, 
San Francisco, Cal., September 416, 1915, 
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PART II 


THE PRocEDURE THAT Is NECESSARY TO OBTAIN RELIABLE 
INVENTORIES AND REASONABLE APPRAISALS OF PROPERTIES 
THAT CAN BE DEFENDED FROM THE STANDPOINT OF BOTH THE 
PuBLIC AND Companies: THE ExTENT TO WHICH DETAILED 
INVENTORIES AND APPRAISALS SHOULD BE Kept up To DatTE 
BY CoMPANIES: THE Best Way IN wuicu DeEtaILep INVEN- 
TORIES AND APPRAISALS May BE Kept up To Date By Com- 
PANIES. 

BY W. G. VINCENT, JR. 


INTRODUCTION 


PEs ARE many reasons why valuations of public utili- 

ties have been made in the past and are continuing to 
be made, and there seems every prospect that the necessity for 
valuations that has existed will continue and become more 
pressing as methods of financing become more conservative 
and as public control develops, or public ownership becomes 
more general. 

In general the necessity for a valuation will come under one 
or more of the following: 

1. Issuance of securities. 

2. Sale or transfer of property. 

3. Securing franchise extensions or other negotiations with 
the public. 

4, Fixing of rates. 

5. Allocation of the property in establishing a system of 
accounting. 

6. Basis of taxation. 

One or more of the above are usually the cause of a valua- 
tion being made and in a majority of cases the work is decided 
upon to meet some-one requirement, and if the other reasons 
are thought of at all they are given very little consideration 
an engineer being employed and asked to make a valuation of 
the property for the particular purpose at issue. Rarely is any 
thought given to the great value that can be obtained from a 
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valuation prepared in such a way as to be of use in analyzing 
the results of operation and that can be kept up to date as 
changes and extensions are made. It is only after the valua- 
tion is completed that the various uses that can be made of it 
begin to be appreciated and attempts are then made to keep 
it up to date by changing existing methods of handling charges 
to construction, replacements, maintenance, etc., at which time 
it becomes evident that the valuation: should have been worked 
up in conjunction with, and in concordance with, the account- 
ing scheme and general routine of the operation of the property, 
and be in such a form as to be of the greatest use. 

It should be the function of the appraising engineer to point 
out to the owners of the property the advantages which can 
be obtained by preparing the inventory and valuation in such 
a way as to serve the greatest possible use to them, not only 
for the purposes for which it is immediately necessary, but for 
the many other ways in which it can be of value. 


PRELIMINARY INVESTIGATIONS 


In commencing the work of making an inventory and ap- 
praisal, the appraiser should ‘first become familiar with the 
property and just what his work is to include and just what it 
is not to include. He should also become as familiar as is pos- 
sible with the operation of the property and the function which 
each portion occupies in rendering the service for which the 
property is used. Having become familiar with these matters, 
lists of the property should be prepared, classifying the various 
items and all questions of ownership determined before the 
inventory is commenced. 

Too much stress cannot be laid upon the necessity for care- 
fully summarizing and classifying the items to be inventoried, 
as it should be borne in mind that it is almost impossible to 
include, through error, property of foreign ownership, but very 
easy to omit a structure which should be included, either through 
omission from the summary or failure to assign the work to any 
department of the organization. 

The appraiser should also make a careful study of the history 
of the property in question and get all the information avail- 
able as to the conditions under which the property was con- 
structed. A great deal of this information will not be of record 
and can only be obtained by interviewing individuals who have 
been connected with the property. Such interviews assist very 
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materially in giving the appraiser the proper perspective with 
regard to the property, and very often bring out conditions 
which were actually met with in the construction and which 
would have to be met with again, were the property not in 
existence and to be built at the present time, which would not 
be evident to an investigator going over the ground after the 
construction was completed. 


ORGANIZATION 


The organization necessary will in a large measure depend 
upon the size of the property and the time available, but in 
any event as high a standard as possible should be established 
in the selection of assistants. It is advisable to divide the staff 
into groups or divisions, each group being in charge of an en- 
gineer qualified to direct and carry through to completion the 
field and office work pertaining to the property under his charge. 
It is essential that each division head is familiar with the divid- 
ing line between his work and that of the other divisions so that 
there will not be omissions or duplication in the work; also that 
where construction or material of the same class is to be found 
in more than one division, the same methods of inventory and 
valuation and the same prices be used in all cases. It is some- 
times advisable, and particularly on large jobs, to have a separate 
division to direct the office work of compiling material prices, 
computing, typing, indexing, etc. 


Forms 


The designing of the necessary forms to carry out the field 
inventory is a question of detail, but one which probably will 
affect the total cost of the work more than anything else, as in 
a large measure the extent of subsequent operations is de- 
termined by the form in which the field inventory is made. 
Carefully designed forms will often permit the inventory 
to be made by more inexperienced assistants than would other- 
wise be possible, and this will of course reduce the cost of the 
work. It is advisable to have the information brought in from 
the field as complete as possible and in such form as to lend 
itself most readily to assembling and summarizing the infor- 
mation. 

The appraiser must, of course, in planning his forms and the 
information desired, have in mind the subsequent steps through 
which the information is to be carried, and for this reason it 
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will be found that an experienced appraiser obtains data in 
his field inventory which would not be deemed important or 
essential to an engineer inexperienced in appraisal work, who 
starts out to make an inventory for the first time. This is not 
well understood, as the general impression seems to exist that 
any engineer can go out and get the necessary information for 
making a complete appraisal; but such is not the case, the ap- 
praiser’s experience pointing out to him many elements which 
have to be taken into consideration; on the other hand he knows 
that certain other information is of little or no value, and just 
how far he can estimate and eliminate minor items without 
affecting his results beyond the limits of error always present. 


ASSEMBLING AND SUMMARIZING Firetp Notes 

The amount of work which is necessary in assembling and 
summarizing the field notes of the inventory is very often under 
estimated both in time and in money and the extent of this 
work can be very materially affected by the form in which the 
field notes are brought into the office. Insofar as possible, in 
order to avoid errors due to the personal equation, the field 
men should be required to partly summarize their notes before 
turning them in. In this way the men who make the field in- 
ventory are required to interpret their own notes as t6 special 
conditions, etc., which another individual might not be able to 
understand. Wherever possible, and the extent of the work 
justifies it, mechanical equipment, such as tabulating machines, 
should be used. Too much stress cannot be laid upon the neces- 
sity for checking and re-checking each step of the office work 
and at least a part of the field inventory by others than the 
persons who did the work in the first instance. 


PREPARATION OF Unit Prices 


It is impossible to determine all of the unit prices which 
will be required until the field inventory is completed. The 
major portion of the unit prices, however, can be partly de- 
termined and to a large extent worked up while the field in- 
ventory is in progress. This work consists in making careful 
investigations of prices of material and equipment at the time 
of the appraisal, and also for the materials which enter most 
largely into the property, such as wire, poles, cables, etc., in an 
electric distribution system, the average market prices of material 
for a period of several years should be determined, as well as 
the average actually paid by the company, 
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The other costs which enter into the unit prices, such as labor, 
hauling, etc., should be made the subject of special investigations 
and all information available compiled before finally determining 
upon the units to be used. 


INDIRECT CONSTRUCTION Costs 


There are certain expenses which are present to a greater or 
less degree in all classes of construction and which come in 
between the direct costs, which should obviously be placed in 
the unit costs, and the general expenses, which should obviously 
be placed in the overhead charges, and which are often difficult 
to determine and to properly place in their proper relation in the 
valuation. These expenses may be termed “‘ indirect construc- 
tion costs ’’ and include such costs as tools, construction equip- 
ment, temporary buildings, temporary roads, transportation of 
men, camp expenses, etc. That these costs are naturally greater 
on construction work in more or less inaccessible locations than 
on work located in or near cities and towns is generally known, 
but the very large amounts of money necessary to meet these 
expenses and the large proportion of the total costs absorbed by 
these indirect costs are not generally realized, and in making 
estimates of reproducing inaccessible properties the appraiser 
will in most.cases underestimate these costs. Infact, unless'the ap- 
praiser has at hand very competent and accurate data to substan- 
tiate his estimate he will hesitate to allow as much as he should 
for these items, as a careful analysis of construction jobs on the 
Pacific coast, involving hydroelectric and hydraulic construc- 
tion, reveals the very surprising fact that the money expended 
for indirect construction costs varied from 10 to 50 per cent of 
the money expended for direct construction costs where the total 
expenditure on each job exceeded one-half million dollars. These 
costs should not be confused with overhead charges, which on 
the jobs above referred to, averaged over 25 per cent of the sum 
of the direct and indirect construction costs. 


OVERHEAD CHARGES 


There is probably no other subject in connection with inven- 
tories and appraisals upon which appraisers differ as widely as 
upon the proper allowances to be made for overhead charges, 
and while it is difficult to touch upon this subject in the space 
available here, it may not be amiss to call attention to the abso- 
lute necessity of analyzing overhead charges as a whole only in 
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connection with the unit costs to which they areapplied. Wide 
divergence in overhead charges as used by different engineers 
can in many cases be traced to questions of definition, to the 
various items included, and the make up of the unit costs; also 
it is very much more difficult to obtain records of actual overhead 
costs than it is to obtain records of unit construction costs, and 
for this reason personal judgment and opinion enter to a greater 
extent into the determination of overhead charges than in the 
determination of unit costs. 

The overhead charges being usually applied as percentages of 
the units, offer a very convenient method of including items of 
cost that are not always convenient to work into the unit costs, 
or to set forth as separate items, and for this reason we find a 
great many items included as overhead charges that should prop- 
erly be placed elsewhere, and which when placed where they 
properly belong are obviously proper and correct; whereas, when 
included as overhead charges, appear unreasonable. 

Without attempting to make any comprehensive definition or 
distinction as to just what costs should be included in the units, 
what in overhead and what as separate items, it is suggested that: 

The Unit Cost should include all direct costs and as much of 
the other costs as can be directly distributed to various parts of 
the work, as for instance, warehouse expenses and fire insurance 
should be added directly to the material costs, and employee’s 
liability can be added directly to the labor costs. Among other 
items which should be included in the unit costs may be men- 
tioned contractor's profit, piecemeal construction, testing, con- 
struction contingencies, etc. 

The Overhead Charge should include such general costs as can- 
not be properly allocated to particular parts of the work, but are 
a part of the total costs, such as administrative, engineering, 
engineering supervision, interest during construction, taxes 
and general contingencies. 

Expenses which should be included as separate items are or- 
ganization, development costs, discounts on securities, ‘promotion 
expenses, etc. 

It will be noted that in the above it is suggested that “‘ con- 
struction contingencies ” should be included in the unit costs 
and that “ general contingencies’ should be included in the 
overhead charges. In making this division of the con ngco aig: 
item it is intended that the ‘ construction contingencies. ’’ 
should include all of the general and what might be termed usual 


1915] VINCENT: INVENTORIES AND APPRAISALS 2037 


contingencies incidental to different classes of construction, and 
that the ‘‘ general contingencies’ should include such extra- 
ordinary contingencies as are liable to occur, due to fires, floods, 
catastrophes, etc. The idea in making this distinction is that the 
division of the items in a valuation should, as nearly as possible, 
approach the division which it is possible to obtain from the 
analysis of actual construction records, and in analyzing such 
records it is impossible to separate out from the unit costs the 
construction contingencies which are usual and _ constantly 
recurring on construction work. On the other hand, it is often 
possible to separate out the general contingencies, and inasmuch 
as these are not constantly recurring, and it is necessary to make 
some overall allowance for them, it would seem better to include 
the allowance for them in the overhead charges. 

Whatever items may be included in the units and whatever may 
be included in the overhead charges, much confusion and mis- 
understanding will be saved by a careful definition of just what 
each is intended to cover, and the appraisal will be materially 
strengthened by having the overhead charges carefully segre- 
gated rather than having a number of items grouped under an 
overall percentage. 

The following table is of interest, as it gives the results of the 
analysis of the overhead charges actually incurred on nine sepa- 
rate construction jobs on the Pacific coast, where the total ex- 
penditures were approximately $50,000,000: 


OVERHEAD CHARGES IN PER CENT OF THE EXPENDITURES FOR 
DIRECT AND INDIRECT CONSTRUCTION 


SiG UMSELALIOMN SA, Mere Mera hee tate oe, 5.03 per cent. 
Engineering and stpervision........°..... 6.65 
Casualtysandsinctinancesnmey sen ys ama sce ee ile aly 
Boarding: andy campulosse scl. Riaeer. sean Ok 
MAaKecorainGmmiSce! lAmCOUsh smash. ae ean nie 07 
Interest during construction..... 13.71 

Rotate meaty. Meerra eh aetna nt. Aare 27.24 per cent 


ForM OF APPRAISAL 
Just how much of the detail should be included in the final 
appraisal is a matter which is often difficult to decide. It is 
absolutely necessary, however, that the final appraisal should 
refer to all of the working sheets and field notes, all of which 
should be carefully indexed, in order that if at any time sufficient 


2038 VINCENT: INVENTORIES AND APPRAISALS (Sept. 16 


detail is not contained in the appraisal, the details may be readily 
located. 

The form and grouping in the final appraisal is a matter for 
careful consideration and one where an appraiser’s experience is 
of great assistance to him. The proper grouping and classifi- 
cation which it is necessary to have in order to work out allow- 
ances for depreciation, deductions for portions of property re- 
moved, etc. is a matter of detail which should not be overlooked, 
as it is a very important consideration. Also the accounting 
classification in use by the company should be carefully consid- 
ered in preparing the appraisal, as in nearly all cases it is desired 
that> the details of the appraisal should permit of the grouping 
of the property under certain accounting classifications. 


KEEPING INVENTORIES AND APPRAISALS UP TO DATE 


Perhaps one of the most difficult questions which is asked an 
appraiser is that as to how the company can best keep the in- 
ventory and appraisal up to date. This is most important in 
large properties where it is also most difficult. It is, of course, 
possible to make plans and arrangements for keeping an inven- 
tory and appraisal up to date, but this nearly always involves a 
tremendous amount of detail and for certain classes of properties 
it is very often a question as to whether the cost of maintaining 
the necessary records is not more than the results obtained would 
justify. There are certain classes of property, such as under- 
ground systems, where it is absolutely necessary to keep plans 
and inventories in great detail. On the other hand, for overhead . 
distribution work just how much detail should be carried on the 
records of the company, when an inventory can be made at any 
time of all the property listed, is a question to be carefully con- 
sidered. : 

Best Way to Keep up to Date Inventories and Appraisals: An 
inventory and appraisal is necessarily made as of a particular 
date and it is usual that by the time the work is completed 
changes have been made in the property so that the conditions 
and value as set forth in the appraisal have been changed. These 
changes will continue to go on from time to time and it is not 
many years before the inventory will be considered out of date 
and a new one made necessary. In order to avoid this condition 
it is desirable that all changes made in the property be a matter 
of record and such records incorporated with the inventory and 
appraisal in such a way as to keep it up to date at all times. In 
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theory this is perhaps not a difficult matter; in practise, however, 
it becomes a very difficult one, due to the tremendous amount of 
detail involved in keeping track of all of the changes in the prop- 
erty which are made from time to time. This difficulty is also 
increased by the fact that most of the construction reports, 
that is, reports giving the costs of construction, are not made out 
in the same form as is the appraisal, nor are the costs of construc- 
tion ordinarily sufficiently analyzed to permit of their being incor- 
porated in and made a part of the appraisal. It is poss ible 
however, to approximate the desired result fairly closely by divid- 
ing the construction costs into certain capital accounts and by 
keeping a segregation of the total moneys invested in each capi- 
tal account and likewise keeping a segregation of the items of 
equipment or materials which are added to the capital classified 
under this account. To illustrate what is meant by this, we 
might take for instance the item of “ poles” and consider that 
we have a capital account representing the investment in poles 
and fixtures. An inventory of the property would naturally 
show under the account of poles and fixtures the number of poles 
of each length, size and kind; also under this account would be 
listed the number and detailed description of all fixtures attached 
to these poles. Now after the inventory is completed, if we as- 
sume that some changes are made in the property involving 
the removal of several poles of different sizes and replacing these 
poles with other poles also of different sizes, it is almost impossible 
to get a correct analysis of the cost of doing this work of taking 
out the old poles and the proper charges for installing each of the 
new poles of each size. On the other hand, it is not difficult to 
determine an amount which as a whole should be charged to 
poles and fixtures and to keep track of the number of poles of 
each size removed and also installed. 

Any plan of keeping an inventory and valuation up to date is 
going to necessarily involve a more careful analysis of construc- 
tion costs than it has been the general practise to keep in the 
past, and also it is going to make necessary a more elaborate 
system of accounting for expenditures by the bookkeeping depart- 
ment. Inthe last few years great changes have been made in 
keeping the books of public utility properties by increasing the 
number of accounts through which all expenditures such as 
operation, maintenance and capital expenditures are charged, 
and just how far this increasing of the number of accounts which 
are required will go is a matter which is yet to be determined. 
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This elaboration of the accounting methods, however, will 
probably be continued to some extent at least and will make 
necessary more careful and detailed records of construction — 
costs, which will in turn make the work of keeping valuations up 
to date simpler than it has been in the past. 

It will, therefore, probably develop that the keeping of an 
inventory and valuation up to datein the future will be accom- 
plished, with a very fair degree of accuracy, by a compromise 
between the detail in which an inventory and valuation is made 
from a field inspection, and the capital accounts that have been 
or are now carried on the books of a company. In other words, 
it will be necessary to sacrifice some of the details of the field 
appraisal and to elaborate the capital accounts in order to obtain 
a practical system of keeping an inventory and appraisal up to 
date. 
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PART III 


WORKING CAPITAL 


BY WILLIAM J. NORTON 


N ANY valuation for rate making purposes it is most es- 

sential that a careful and accurate determination be made 

of the item of working capital. In many instances this has been 

considered as a small and relatively unimportant item in the 

general rate calculation, and the analyses made by commissions, 
engineers and accountants have often been superficial. 

Perhaps the most popular’ method of arriving at working 
capital has been to examine the current assets and the current 
liabilities and to consider as working capital the excess of such 
assets over the liabilities. That this method is fundamentally 
incorrect is apparent when we consider that the assets may 
include periodic increases in cash, as interest and dividend pay- 
ment dates approach, or from cash awaiting investment and 
plant extension, which would largely affect the result. 

Credit must be given to Mr. Ray Palmer, city electrician of 
Chicago and his associates, Mr. A. C. King and Mr. C. B. Wil- 
lard, in their investigation of the Commonwealth Edison Com- 
pany, 1913, for first publicly pointing out this usual error, and 
for their suggestions for a better method of determining working 
capital. 

The methods suggested by Messrs. Palmer, King and Willard, 
may be developed into a fundamental basis for the establish- 
ment of working capital and a careful study of their methods 
brings to light the essential soundness of the theory which they 


used. 
Most of our rate making cases at the present time are deter- 


mined primarily by a careful consideration of the value as found 
by the reproduction new method, and the calculation for work- 
ing capital is very often required to complete the valuation so 
found. If we assume that the complete plant has been repro- 
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duced and is ready to operate, our working capital calculation 
then becomes an estimate of the additional cash money which 
will be necessary for the company to use until its revenue from 
operation, (and for this purpose we can assume the complete 
existing revenue) has accumulated to such an extent that no 
additional capital is required in its ordinary operating business. 

Under such an assumption it becomes at once apparent that 
the company is entitled to cash to pay its operating expenses 
during the first month before it bills any of its customers, and 
during such part of the second month until the bills for the first 
month are paid. We can assume that the rate to be found will 
cover merely the complete operating expenses plus a fair return, 
and it is then obvious that the return itself belongs to the stock- 
holders at least as soon as it is received, and that this money 
cannot be considered as available for working capital. For 
instance it would be quite proper to pay dividends daily, if it 
were not inconvenient. .In any event after the dividends 
and taxes are paid such funds are exhausted and the original 
amount of working capital is always necessary. 

After a company has been in operation for a short time it will 
find that while most of its customers pay their bills within the 
stated period, other bills are held back due to adjustments or the 
natural slowness of certain individuals to pay their bills, and for 
other causes, so that some additional money must be provided 
to cover the operating expenses occasioned by such customers. 
These may change as individuals, from time to time, but as a 
class they remain permanently and the company never regains 
this cash investment. 

This theory of the development of working capital is based 
for three of the important items, upon the customer’s individual 
responsibility for the cash investment required by a utility in 
its general business operations. The main items of such responsi- 
bility may be divided as follows: 

1. Service received by the customer in advance of his payment 
therefor. 

2. The demand of the customer for merchandise and miscel- 
laneous supplies, and his receipt of the same before payment. 

3. The demand of the customer for uninterrupted service which 
requires a reserve supply of fuel. 

4, The general cash balance required by the utility irrespec- 
tive of the customer’s direct responsibility. 


: \ 
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THE SERVICE RECEIVED BY THE CUSTOMER IN ADVANCE OF HIS 
PAYMENT THEREFOR 


In the ordinary practise, of an electric utility, for instance, 
the customer receives his service over a period of 30 days. At 
the end of this period the meter is read by the company and the 
amount of monthly consumption is determined. A certain 
amount of time is then necessarily taken by the company in 
transferring the record of this consumption from the meter 
books to the customer ledgers, and in making out, checking, 
rendering and delivering the bill to the customer. 

A certain time then elapses before the actual payment is 
made by the customer. This may, or may not, be hastened by 
prompt payment discounts. In addition to the ordinary bills 
which are rendered and paid promptly, there are many larger 
bills, including municipal bills, which often are not paid promptly, 
and a study of the books of any utility discloses the fact that 
most companies have a certain amount of accounts receivable, 
which they carry from month to month, and year after year, 
and these require an actual and permanent ‘cash investment. 

Each one of these processes, and the accounts, must be care- 
fully studied over a period of one year, and sometimes for a’ 
longer period, to determine accurately the actual cash invest- 
ment for the particular business under observation. 

The customer’s responsibility for this cash requirement is, 
however, a very definite one. This is perhaps best illustrated by 
the practise in England of requiring many electric bills to be 
paid quarterly or annually in advance. Such a payment not 
only relieves the customer of the responsibility for the equivalent 
amount of working capital, but actually establishes in his favor 
a slight credit, due to the interest upon the money so received in 
advance. The customer’s responsibility is eliminated if a 
deposit is required in advance, if interest be paid upon such 
deposits. In most states, however, a requirement is made that 
legal interest be paid upon such deposits, and the payment of 
this interest cancels the obligation, and the company must make 
~ its cash investment to cover the delays. 

It is perfectly possible to conceive of a certain type of advance 
payment which would relieve the customer of his responsibility 
for working capital, to cover the outlay of the utility between the 
average time of the receipt of his service, and his payment there- 
for. But certainly this is not practical in American commer- 
cial practise, and it is much better that the usual business pro- 
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cedure obtain, and that a corresponding allowance be made for 
working capital to cover such delay as a regular investment,upon 
which the utility is entitled to a fair return, as it would be in case 
the same amount of money was invested in tangible property 
for the service of the same customers. 


THE DEMAND OF THE CUSTOMER FOR MERCHANDISE AND Mis- 
CELLANEOUS SUPPLIES AND HIS RECEIPT OF THE SAME BEFORE 
PAYMENT 


In a similar manner it is customary for customers to require 
merchandise supplies from the utility upon demand. This 
necessitates the utility carrying, in stock, a general line of mer- 
chandise supplies, so that the customer can be promptly supplied. 

Most of these supplies, as a matter-of convenience, are placed 
upon the service bill of the month following, and take their usual 
course in being paid. 

Here again, if the customer were willing that the company 
should do a jobbing business, and upon receipt of an order deliver 
the article from the supply house to the customer at the utility’s 
convenience, there would be little necessity for working capital 
‘to cover such supply. Such a method, however, is not practical 
and it is therefore necessary to establish in working capital an 
item to represent the amount of cash actually used by the com- 
pany in its preparation to supply the customer, on demand, all 
of his desires in the way of merchandise. 


THE DEMAND OF THE CUSTOMER FOR UNINTERRUPTED SERVICE 
WHICH REQUIRES A RESERVE SUPPLY OF FUEL 

Not very different is the responsibility thrown upon the com- 
pany for constant and uninterrupted service, which requires a 
large supply of fuel to be carried on hand, as an insurance to pro- 
vide constant and uninterrupted service, as in providing against 
strikes or other contingencies. Ifthe customer were willing to 
take the responsibility, or the inconvenience of such delays, 
this item for working capital might be eliminated. Such an 
arrangement, however, would be absolutely impractical, and 
proper service requires that the company carry a large supply 
of fuel against such emergencies. This often involves a very 
large sum, as some of the companies, in the larger cities, attempt 
to carry a fuel supply which would provide for all of the needs of 
the company for a period of one-half year or more, as experience 
has shown that protracted coal strikes are apt to run for such a 
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period. In addition to the actual cash cost to the company of 
such a reserve supply, there is an additional loss due to waste or 
shrinkage and also to deterioration during storage. All of this 
should be covered by working capital. 


GENERAL CasH BALANCE 


We have shown in the first three items the customer’s respon- 
sibility for certain amounts of working capital and have further 
shown that in each case the necessity for working capital could 
be eliminated but that this is impractical. The three items, 
however, represent cash actually expended by the company and 
really invested in exactly the same manner as in the case of 
buildings or machinery. 

We now come to a fourth item for which the customer is not 
directly responsible, but which should be provided as a neces- 
sary reserve to cover all emergencies. 

The methods we have used in developing the first three items 
are all average methods and represent an amount of money which 
over a period of months or years ought to be necessary to cover 
the requirements of the company for the particular purposes 
specified. 

It becomes at once obvious, however, that an average amount 
will at times be entirely inadequate, and we must have therefore 
a minimum balance, or actual cash, similar to a reserve of a 
bank,. to cover any violent fluctuations in the business of the 
company or any combination of unfavorable financial circum- 
stances that may arise. “The amount of this cash balance is 
necessarily difficult to ascertain and depends very largely upon 
local conditions. Even a small utility finds it necessary to carry 
more than one bank account, and a minimum cash balance, 
which should never be depleted, is demanded by each bank, for 
the accommodation, and becomes the fundamental basis for 
credit in times of financial stress. Many utilities have five or 
six of such bank accounts and the cash balance expected of them, 
if their credit is to be preserved, amounts in itself to a consider- 
able sum. 

This item requires a practical and careful study in each case 
but it can be developed, on general business principles, and 
specifically applied to the utility involved. 

Two of the items above, namely, merchandise supplies and 
coal on hand, are very often carried in the physical inventory, 
and are therefore omitted in working capital. A careful study, 
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however, of the proper development of the correct sum to be 
allowed, leads to the conclusion that these two items shouid 
appear in working capital, and should be omitted in the inven- 
tory of the physical property. 

This is mainly for the reason that the actul amount of mer- 
chandise supplies, or fuel on hand, at the date of the physical 
inventory, does not necessarily represent a true or proper allow- 
ance for such times. For instance, if the inventory is taken in 
the summer when coal is running freely from the mines, we would 
not expect the inventory value of the coal to represent properly 
the amount which the company, on the average, must spend for 
maintaining an adequate fuel supply. On the other hand, an 
inventory of merchandise supplies taken on the first of December 
would be high, as such sales are pushed harder during the holi- 
day season than at other times, and if the inventory were taken 
immediately after the holiday season, it would show an amount 
which is less than the average. 

It is now proposed to show in some detail how the actual cal- 
culation is made for working capital on the basis outlined above. 
The first process is to study the actual methods used by the com- 
pany in reading meters and its bookkeeping and billing processes. 

In a certain company under observation, it was found that all _ 
meters were read in a period beginning with the 15th day of the 
month and ending with the 25th day of the month so that the 
total time occupied between the actual average date of the ser- 
vice and the payment of the bill was as follows, the meter being 
read for an average thirty-day period. 


Average day’s use of total consumption during 

the Monthy eee oe pier tate ee Rien 15 days 
Average days between the reading of the meter 

and getting the bills into the hands of the 


customer? Penta deitt.. (aera eee 10... * 
Average days elapsed between the delivery of 
the bill and the payment therefor......... 13.35, 


Total number of days between the average re- 
ceipt of the service and the payment there- 
LODE Sees SECA eg oe ee ee 38.35 days 


In determining the average time between the delivery of the 
bill and the payment therefor, the following actual record of 
. daily receipts was taken for a month of 30 days. 
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Daily Receipts April 1914. 


Receipts Amount Days—Dollars 
April 1 $3,537.19 X1 3,537.19 
CD DPB, LSB 5,647 .02 
«4 5,364.70 X 4 21,458.80 
cee 4,298.64 5 21,493 .20 
6 5,009.91 X 6 30,059.46 
6 1e7 3,811.89 X7 26,683 .23 
ns 4,189.34 X8 33,514.72 
Ci) 7,166.74 X9 64,500.66 
« 41 7,657.94 X 11 84,237 .34 
« 12 7,199.39 X 12 86,392.68 
«13 5,638.42 X 13 73,299 .46 
« 14 3,850.78 X 14 53,910.92 
« 15 18,933.35 X 15 284,000.25 
« 16 3,842.05 X 16 61.472 .80 
“17 3,609.68 X 17 61,364.56 
« 18 2,314.02 X 18 41,652.36 
« 20 3,262.20 X 20 65,244.00 
« 21 2,806.11 X 21 58,928.31 
“ 922 4,145.58 X 22 91,202.76 
« 93 3,421.53 X 23 78,695.19 
« 94 972.73 X 24 23,345.52 
« 295 1,443.13 X 25 36,078.25 
CS 1,508.59 X 27 40,731.93 
“« 28 2,889.65 X 28 80,910.20 
« 99 876.23 X 29 25,410.67 
« 30 1,293.06 X 30 38,791.80 
$111,866.36 $1,492,563. 28 
$1,492,563.28 + $111,866.36 = 13.35 


The total amount received corresponded almost exactly with 
the total new billing for that month and the total days-dollars 
was divided by the total number of dollars, giving an average 
time of payment, 13.35 days. . From the above tabulation we have 
therefore the total number of days between the average time of 
service and the payment of the bill of 38.35 days. As this cal- 
culation was taken for the month of April, the above amount of 
38.35 days is considered as a certain part of a year of 360 days, 
which actually works out to be 10.73 per cent of a year delay. 

The total operating revenue of this utility for the year was 
found to be $1,312,786. From this was deducted the revenue 
billed weekly, $172,924 leaving $1,139,862 applicable to monthly 
bills; 10.73 per cent, the yearly delay, was then applied to this _ 
amount, $1,139,862, giving the total gross cost of the delay, 
resulting from the difference in time between the average time 
of service and the payment therefor, of $122,877. 

The operating ratio, excluding taxes, for that year, of 46.5 per 
cent for the particular company under observation, has been 


2048 NORTON: WORKING CAPITAL [Sept. 16 


applied, making a net operating cost of delay in this case on 
monthly bills of $57,138. ; 

This application of the operating ratio, is upon the theory that 
the company should only be reimbursed for the actual moneys 
required by operation, and that no working capital should be 
necessary to cover that part of the receipts represented by such 
expenditures as taxes, depreciation, bond interest, dividends 
and surplus. 

This theory has some justification as it represents the imme- 
diate cash outlay of the company in advance of its payment there- 
for. On the other hand,we can consider that the actual rate 
schedules in force are a contract between the customer and the 
utility, and that payment is due on the entire amount, and that 
any delay in such payment requires an actual loss on the part 
of the utility, and that either it is entitled to an immediate 
“payment therefor in full or else it is entitled to the full amount 
as working capital and a fair return thereon. It is not unlikely 
that the commissions and the city authorities will insist upon 
this operating deduction, as it certainly has the effect of reducing 
to a large extent the amount of working capital, but there is no 
doubt that an equitable claim can be made up by the utilities 
for the full 100 per cent due without any deduction therefrom, 
by applying the operating ratio. 

A similar study was made of the weekly bills, as applied to the 
amount of this revenue, $172,924. This study showed that five 
days were occupied in average time of use and billing, and seven 
days in payment making a total delay of 12 days. This was 
applied in the ratio of 12 to 365 days showing the average annual 
delay of 3.29 per cent, which when applied to the total revenues 
from weekly billing gave an additional gross sum, of $5689, 
and after the operating ratio of 46.5 per cent was applied, showed 
a total net operating cost of $2645. 


PERMANENTLY OPEN Accounts 


The accounts for the same utility, showed an average of open 
and unpaid accounts at the end of each month, mainly due to 
large customers and municipal lighting, after the current bills 
had been paid and before new bills were entered, varying from 
month to month from $62,000 to $112,000 per month. These 
accounts were entirely separate from the current business which in - 
general was paid for after the délay of 38.35 days, as shown above, 
and represented the amount for which the company had to supply 
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cash from month to month and year after year. The actual 
average for one year of this utility proved to be $85,000 and this 
has been added to the working capital. 


MERCHANDISE SUPPLIES 


. The total amount of merchandise and general supplies pur- 
chased by the company during the year was found to be $152,604. 
A careful study of this business demonstrated the fact that the 
average turnover in this class of sales was four times during the 
year, so that the actual cash cost to the utility of carrying its 
merchandise supplies over the year averaged one-fourth of the 
total purchases, or $38,151. In this case no charge was made for 
loss or breakage, though this can be legitimately claimed. 


FUEL SUPPLY 


The total amount of fuel purchased during the year was 
$182,362 and a careful investigation showed that it was the policy 
of the company in actual practise never to let this supply of 
fuel go below a two month’s requirement, so that one sixth of 
the coal purchased during the year was therefore used in the 
calculation of this item of working capital or $30,394. To this 
was added the sum of $2,000 to cover the average shrinkage 
and deterioration due to such storage. 


Minimum CasH BALANCE 


Probably the most difficult item in any estimate of working 
capital is the establishment of a proper amount for the cash 
balance to take care of the ordinary business requirements of 
the company. A study must be made of the usual methods of 
the company in doing all of its business including such items 
as petty cash, traveling expenses, advance to agents and solici- 
tors, advance on account of payroll, prepaid items, such as 
insurance, number of deposit accounts with banks, and its gen- 
eral methods in conducting its ordinary business. This amount 
in actual practise is found to be more or less alike for each 
particular utility, but it is, in general, influenced by local con- 
ditions and the practical business methods of the company. 
Mr. Palmer, in his report on the Commonwealth Edison Com- 
pany, used a sum of $500,000 as the minimum cash balance, 
which was about 3.6 per cent of the total operating revenue 
of that company for the year. It has been found, however, 
by actual study that smaller companies require a slightly larger 
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percentage and in general a minimum cash balance of 5 per 
cent of the operating revenue for the year under consideration, 
is not excessive for this item, and for small companies should 
even be larger. The operating revenue of the company under 
consideration being $1,312,786, for the purpose of this calcula- 
tion of 5 per cent has been used giving a minimum cash balance 
of $65,639. 

The total summary therefore of the above items of working 
capital, would be as follows for this particular company, having 
a total annual revenue of $1,312,786: 


Delay from monthly: billss "a. ee se ee ee ERS OIRO 
Delay *tromiweekl yebillce ste 2,645 
ARTETA: (j Neo ICCOUMMU ic hn oulicaaanscacaccacsoc 85,000 
Merchandise supplies............ Gots SOR Seek 38,151 
Fuél:réesetvés 208 ic ae es a ee 32,394 
Wiksswhaaiehoal (alslo: palenate, | Lok ca coc ce ea anucloee 65,639 

Total working capitals). 3) sae eee neo OLOG 7 


In this particular instance, however, it was found that the 
utility had on hand $23,377 of customer’s deposits, upon which 
no interest was paid. It was therefore necessary to make this 
reduction from the total, leaving a net total working capital 
of $257,590. 

It is believed that this theory of working capital, after a 
full experience is gained in working it out in actual practise, 
will develop into a practical method for the determination of 
this important item, and that the soundness and equity of the 
theory will eventually be recognized by the courts and com- 
missions. 
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DIscuSssION ON ‘“‘ INVENTORIES AND APPRAISALS OF PROPER- 
TIES’ (Cory, VINCENT, Norton). SAN FRANCISCO, CAL., 
SEPT. 16, 1915. 


OVERHEAD CHARGES 


Philander Betts (by letter): In making up the valuation of 
public service properties, it is customary in-many cases to 
appraise the property by using unit prices which represent 
the basic cost to the company doing the work and then after 
the appraisal is completed on this basis, to make additional 
allowances to cover such items as engineering, interest during 
construction, taxes, damages and insurance during construction 
and such other items as are not ordinarily allowed for in making 
up the unit cost price. 

In determining the amount to be added to represent the items 
referred to, it has been customary to compute these items by 
adding a percentage on the whole cost, using a single figure to 
represent the allowance for overhead charges. The amounts 
allowed or claimed in various cases have ranged from ten to 
thirty per cent, depending on various circumstances. There 
has been a tendency on the part of some regulating bodies to 
hold down these allowances to a minimum figure. There has 
likewise been a tendency on the part of many corporations to 
make extravagant claims for these same allowances. Within 
this wide field, there is ample room for discussion and argument, 
and such discussion and argument is based in very many cases 
on assumptions which cannot be easily proven when the entire 
property of a public utility company is being considered. 

It does not require any lengthy discussion to show that 
the item of interest during construction would have to be paid 
for alonger period on real estate upon which a building is to be 
built, than upon the building which is to be built upon it. 
Interest during construction would be paid for a still shorter 
period upon the amounts required to install the machinery to 
be located in the building referred to.. In the purchase of real 
estate, an allowance for brokerage may be necessary, while on 
the other hand allowances for accidents, damages etc. during 
the construction period would be entirely out of place in arriv- 
ing at the cost of the land. _ 

In constructing a complete system for the supply of gas, 
water or electricity, it is necessary first to make a preliminary 
study of the territory to be supplied, second, to select in general 
a location for the generating or pumping station; third, to 
purchase real estate; and fourth to design a plant suited to the 
location which has been selected. 

The mains first laid, which would ordinarily cover the well 
built up portion of the town, would be installed in accordance 
with a general plan, and perhaps by a contractor, while the 
extensions made at a later time would ordinarily be made as 
the actual needs for them developed. 
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Office furniture and supplies and many other items would 
be put into service immediately upon their receipt, and fre- 
quently before the bills for them have been actually paid. 

For the reasons given above, it would appear that allowances 
for overhead charges should be made up for each class of prop- 
erty in order to justify fully the allowances made or claimed. 

In the writer’s work for the New Jersey Public Utility Com- 
mission, it has been customary to gather all possible data con- 
cerning unit costs and overhead charges from the books of 
the company whose property is being appraised. Information 
so developed shows a wide variation-in the actual amounts 
charged to construction for what are known as overhead charges. 

Some companies, in order to justify to themselves the cap- 
italization of all overhead charges including contractor’s profits, 
have entered into contracts with dummy construction com- 
panies, and so far as the books show, all construction has been 
done by the construction company at prices which have included 
full allowances for all classes of overhead charges. 

In a recent case, however, where the financial affairs of a 
group of companies were being reorganized, it was found that, 
due to the majority ownership by a very competent engineer 
who was personally interested in building up for himself a 
valuable property, the total amount actually charged for 
the purposes under discussion was less than 5 per cent, on the 
cost of physical property. The aggregate value in the group 
of companies referred to was not far from $9,000,000. 

The writer has discussed the subject of overhead charges 
with the executives of a number of New Jersey public utility 
companies, and has pondered the subject in order to arrive 
at a conclusion as to whether overhead charges in the case of 
appraisal of properties should be included in accordance with 
the method formerly employed by the company or whether, on 
the other hand, affair allowance for overhead charges should 
not be made in all cases,no matter what the conditions under 
which the company’s property was created. 

In the very interesting discussion before the Interstate 
Commerce Commission in the last week in May 1915, at which 
were present representatives of the railroads and of the state 
commissions, discussion of overhead charges took place. In 
following the discussion, it is quite clear that conclusions had 
already been reached by the majority of those taking part in 
the discussion, that.overhead charges on a fair average basis 
were to be included in all cases, and there remained only for 
actual determination the period of time within which the prop- 
erty could be reproduced. 

Some three years ago, in an important telephone case before 
the New Jersey commission, the writer was impressed with 
the absurdities which have crept into the various definitions 
of reproduction cost, and which have resulted in casting con- 
siderable discredit upon such methods of appraisal. At that 
time, the writer put forth the following definitions: 
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Inventory is the listing of all items of material and labor 
which. the particular company was required to produce or 
provide or obtain in the construction of its plant at the time 
and in the manner under which it was constructed. 

Appraisal is the affixing of such prices to the items found in 
the inventory as will fairly represent the normal cost con- 
sidered over a period of years. 

At the time of making up an appraisal of this kind, study 
should also be given to the cost price at the time the work 
was done, not with a view to placing a different value upon 
the property existing at the present time, but with a view to 
determination of the obsolescence or replacement costs which 
have not been fairly made up by the company from its earnings, 
and which might now be considered as unearned depreciation, 
and therefore included as a part of the cost of establishing the 
business. Failure to make such a study will frequently result 
in injustice to the owners of the property under consideration. 

The conclusion, therefore, must be that overhead charges 
must be allowed in all cases on a reasonable basis. Their 
exclusion would result in injustice to a company where high 
efficiency had been shown in its construction and operation, 
while on the other hand, inclusion of overhead charges on an 
extravagant basis, even though paid by the company, would 
result in injustice to the customers of such a public utility 
property. 

I am therefore giving in a brief way, the detail to be con+ 
sidered in the determination of the proper allowances for over- 
head charges. The following analysis is based upon classi- 
_ fication of accounts prescribed by the New Jersey Public Utility 

Commission for gas companies, but the principles will apply 
to any class of public utility property. 


ORGANIZATION 


It has been customary in many cases to make an allowance 
for the cost of organization. Under the term organization, are 
frequently included many items which, in my opinion, can be 
best considered in connection with the various classes of prop- 
erty, and I am therefore not making a specific allowance for 
the organization of the company in addition to the allowances 
which will be made hereafter in connection with the overhead 
charges for each class of property, as the expenses of organiza- 
tion, with the exception perhaps of minor allowances for actual 
legal expenses, will be found to be covered in the allowances 
made hereafter. : 

LAND 

In connection with the purchase of real estate on which to 
erect a generating plant, there will be preliminary surveys and 
inspections of property. These inspections and surveys may 
be made of several properties before a final selection is made. 

An allowance for brokerage will ordinarily have to be paid 
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to the real estate agents concerned in the transaction; the cost 
of searching the title, conveyancing and recording will have to 
be borne. For all of these items, I have concluded that an 
allowance of 5 per cent was proper. 

In constructing a gas plant or a set of gas plants, such as 
are found in the system of a certain large company, it would 
be reasonable to allow interest on land for a period of two 
years; at 6 per cent per annum this allowance will amount to 
12 per cent. Taxes likewise will have to be paid for two years 
at 14 per cent, which is low if anything, a total of 3 per cent. 

_ The total for all allowances for the overhead charges to be 
applied to land, 20 per cent. 

(It is true that in a recent decision of the United States 
Supreme Court, overhead charges on land were ruled out, it 
being held that land should be valued at its real present value. 
The writer is not contending that the land has any greater 
value because of the overhead cHarges, referred to above; but 
insists that these charges must be met, and if not included as 
a part of the value of the land, must be elsewhere included in 
order that a proper estimate may be made of the cost of the 
property.) 


GENERAL STRUCTURES. WORKS AND STATION STRUCTURES 


Allowances for buildings will include preliminary study made 
by. officials of the company—1l per cent; architect’s fee 5 per 
cent. If in making up the appraisal on the buildings, we use 
unit costs which represent the cost to the builder, there will 
have to be made an allowance for errors, omissions and con- 
tingencies of 5 per cent; and for accident, fire and tornado 
insurance during construction 3 per cent, a total of 8 per cent 
to be added to the actual cost to the builder himself to arrive 
at the cost to the company, omitting the builder’s profit. In- 
spection during the progress of the work which will be made 
by the officials of the company has been placed at 1% per cent, 
this resulting in an amount which is not far from amounts 
which are being paid at the present time to engineering inspectors 
employed by owners. An allowance for interest at 6 per cent 
for one year also appears to be proper. 

The allowance for overhead charges on buildings will there- 
fore be made up as follows: 


Basic cost, to the) build erect cet eran 100 per cent 
Builder's*allowancesa= > --) eee ee tS se aes 
‘POTAL eet eee 108 Carus 
Builder’s profit, 10.8 per cent on cost to 
TENT, ate voc Gis cia ee atte Sek ene nee iearcaee LO; Om ekg penta 
Builder's charge to owner................ 1I8S48: ees 
Architect’s fee and inspection charge 6 per 
cent on builder’sicharge of 118) \8..05.0 sue Ole eee 
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Interest for one year on amount of money 
to be expended by company in connec- 
tion with the building 6 per cent on 
ORO OUT Os Ct Reis etic ha lcerie, CP DO - ye 

Cost of inspection during the progress at 
134 per cent on builder’s charge of 118.8 
MEniCeMt. sable Ohne atiertnamie sss or) 1.78 


ASO TA TT eet: Aas DLS Maks... ae oe LOO ON, 


I have therefore adopted as the allowance for overhead 
charges to be made in this case, 35 per cent, which is to be 
added to the figures representing the basic cost to the builder. 


“ “ 


GENERAL EQUIPMENT 


General equipment consists of general office equipment, shop 
equipment, store equipment and stable equipment, and the 
total value in comparison with the value of the whole plant is 
small. 

Most of this equipment is purchased at or about the time 
the company actually commences to supply customers, and is 
of such a general character that it is actually put into service 
before bills have to be paid. For this reason no great allow- 
ance for overhead charges need be made. 

Such equipment, however, is somewhat varied in character, 
and in making an inventory it is liable that many items may 
be overlooked. For this reason an allowance of 5 per cent is 
made for errors and omissions. No other allowance appears 
to be necessary as this equipment is purchased by the operating 
officials of the company in the regular course of operations. 


PLANT MACHINERY AND EQUIPMENT 


Plant machinery and equipment includes practically the 
whole of the manufacturing plant and the following allowances 
appear to be justified. 

The actual allowances in the case of a certain gas company 
are as set out. 

Preliminary study....0..-.6.-.¢0sese-2 es 1 per cent 
Engineer’s plans and supervision........... ett} 
Inspection as the work progresses......---- 1 

Errors, omissions and contingencies........ 3 
Insurance, accident and fire, etc.........-- 3 

Interest for 9 months at 6 per cent......... Chae WE = Mh 
Fuel and labor in testing the plant......... 0.5 
Watchman’s Services... 2.5 ser eee ore wee 1 
Gontractor’s profit. 5 or. e eee ec nme LO Chalet 


The allowance for errors, omissions and contingencies, in- 
surance, and watchman’s services must be added to the. basic 
cost to the contractor in order to find the charge made by the 
contractor to the company. 

Taking as the basic cost to the contractor 100 per cent, an 
allowance of 7 per cent must be first added, making the basic 
cost to the contractor, 107.0 per cent. To this the contractor 


. 
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will add a profit of 10 per cent or 10.7 per cent. The total 
charge which the contractor will make to the owner will there- 
fore be 117.7 per cent. To this must be added the cost of 
preliminary study 1 per cent. Engineer’s plans and super- 
vision, 5 per cent. Inspection as the work progresses, 1 per cent. 
A total of 7 per cent of the amount charged by the contractor 
117.7 per cent amounting to 7.75 per cent. Interest at 4% per 
cent for a period of nine months will be paid upon the amount 
charged by the contractor, 117.7 per cent, amounting to 5.3 
per cent. An allowance for fuel and labor in testing the plant 
at 2 per cent upon the charge made by the contractor amounts 
to 0.6 per cent. The total of this allowance is as follows: 


Charge made by contractor......../..... 117.7 per cent 
Engineering, inspection and supervision.. 7.75 “ « 
Interest during construction.............. Durie ates 
(Resting of pli tiyc.c ts fovea). eee tee eee eee O65 Saw oa 
POTALS ORE tae aieceraeee, oF RES 131535." Fe" 


It is probable that the allowance for interest may be too 
high due to the fact that some payments will be held back 
until the plant is completed, and to the further fact that con- 
tractors frequently accept bonds in payment for work which 
will afterwards be disposed of in such a way that interest does 
not commence to accrue until a short time later. 

The allowance for fuel and labor in testing the plant and for 
watchman’s services have not been selected arbitrarily, but 
have been made up by taking a number of typical cases and 
calculating the actual amounts expended for these purposes 
and ascertaining the percentage relation between these amounts’ 
and the cost of the property. 

On the whole, I feel that an allowance of 30 per cent for the 
overhead charges in connection with plant machinery and 
equipment is fair. , 


TRANSMISSION MAINS 
Taking as the basic cost 100 per cent, an allowance of 2 per 
cent for errors and omissions and 1 per cent for casualty in- 
surance appears to be sufficient. 


The cost to the contractor will be....... 103 per cent 
Thecontractor’s profit at 10 percentequals 10.3 eae LOE 


Charge by contractor willbe.,.......... 113 3 i var 
Interest during construction at 6 per cent 

for a period of one half year will be... .. DOO Ona eee 
Taxes at 1 percent willbe.............. Leis o wanes 
Engineering 5 per cent on charge made by 

contractor 113.3 per cent.......7... J. DOOD a wees 


Total cost to company by time work is 
completedia sect eee mee spel 20 OCG ems 
The allowances made, appear to be so consistent that I have 
adopted the figure of 23.5 per cent as the allowance for over- 
head charges of all kinds on transmission mains. 


- 
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DISTRIBUTION MAINS 


A portion of the distribution mains system will be constructed 
perhaps by general contractor. In the large systems in exist- 
ence today, however, the great proportion of the existing systems 
have been constructed by forces in the permanent employ of 
the companies, and practically all of the overhead charges 
have been absorbed and paid through the operating expenses 
of the company. 

In a given case, however, taking again the basic cost as 
100 per cent, it appears proper to allow for errors, omissions 
and contingencies 3 per cent; and for casualty insurance 
1 per cent; a total net cost of 104 per cent. 

Interest at 6 per cent for six months is 3 per cent, taxes 1 
per cent and engineering 2 per cent, gives 6 per cent which must 
be computed upon the net cost to the company amounting 
to 6.24 per cent of the basic cost. This gives a total cost to 
the company by the time the distribution mains are ready for 
use of 110.24 per cent. An allowance of 10 per cent spread 
over the entire distribution system appears to be proper. 


SERVICES 


In the construction of the services to the customers” prem- 
ises, practically all of this work is done by the company itself, 
and as stated in connection with distribution mains most of 
the overhead charges are absorbed and paid for in connection 
with operating expenses. In the laying of services. however, 
there are frequently obstructions which render estimates some- 
what unreliable, and it therefore appears that an allowance 
for contingencies is necessary. For errors and omissions, I 
allow 5 per cent upon the total net cost of services. 


METERS—METER INSTALLATION—-STREET LIGHTING FIXTURES 


Practically all of the work under these headings is done by 
the permanent forces of the operating companies, and it does 
not appear necessary to make any allowances for overhead 
charges, providing the inventory itself has been accurately 
prepared. 

TOOLS AND APPLIANCES 

Tools and appliances by many companies are charged im- 

mediately into operating expenses, although. the permanent 
equipment of this kind is naturally properly chargeable to 
capital account. 
' Because of the varied nature of such equipment, an aliow- 
ance for omissions is essential. No other allowance appears 
to be necessary, and I consider an allowance of 5 per cent suf- 
ficient to cover all the overhead charges applicable in connection 
with tools and appliances. 


LABORATORY EQUIPMENT 


Laboratory equipment will ordinarily be purchased at about 
the time the company commences business; will be purchased 


2058 INVENTORIES AND APPRAISALS [Sept. 16 


by the company’s own management; will be installed by the 
company’s own regular forces. In equipment of this kind, how- 
ever, there is so much incidental work that an allowance should 
be made for errors and omissions of at least 5 per cent. No 
other allowance appears to be necessary in connection with 
this class of property. 

In order to carry out the plan laid down above, instructions 
have been issued to the computers in the employ of the New 
Jersey Commission somewhat as follows: 

The-unit prices to be applied in computing the appraised 
cost of the various classes of property of a certain gas company 
are to include the allowance for overhead charges in accordance 
with the schedule for overhead charges given above. There 
- is to be first ascertained the net cost to the one who does the 
work, be he contractor or company. This net unit cost has 
been heretofore referred to as the basic cost. To this basic 
unit cost will be added the allowaince for overhead charges in 
accordance with the percentage heretofore adopted and the 
unit prices to be used in making up the appraisal will therefore 
be found throughout the body of the appraisal. 


RESULTS OF THE APPLICATION OF ABOVE SYSTEM 


Although the allowances for overhead charges range from 
5 per. cent to 35 per cent, it is interesting to note that in the 
case of a certain large gas company having four or five plants, 
and extending over a wide area of country, the net average 
allowance for overhead charges was 17.2 per cent. I would 
state further that due to variations in the proportion of plant 
and property, and to the difference in magnitude of various 
properties, the application of the above system has resulted in 
net averages ranging between 15 and 173% per cent. Below is 
given a list of the allowances for overhead charges in a number 
of cases. A perusal of this may be interesting, in comparison 
with the above statement. 


Per cent 

Chicago City Railways, by the Traction Valuation 

Commission, 1906 (including brokerage).......... Dy leeey 
Columbus (Ohio) Railway and Light Company (elec- 

tric) by U.S. Circuit Court, report of Special Mas- 

tér, L90G 5 ce ee eata eee eae 9.8 
Minnesota R. R. appraisal by Minnesota R. R. & 

Warehouse. Commissions O03. enn eee Ape, 
Northern Pacific Railway, by Washington R. R. 

Commission 1908.. 5.8 


Lincoln (Neb.) Gas & Electric Light Company (gas) 
by U.S. Court, 182 Fed. Rep. 926, 223, U.S. 349, 


359, L909 3 rico ea hace Sete en om ate eta, een ee Cot 
Chicago Consolidated Traction Company, by B. J. 

Arnold and George Weston, 1910....+........... 20.4 
Puget Sound Electric Railway by Washington R. R. 

Commission, O10 n=. oe eee Vis 
So. Dakota R. R., appraisal by the Board of R. R. 

Commrs. of South Dakota, 1910.. 13.7 
Consolidated Gas Co. of Long Branch, by the ‘Board 

of Public Utility Commissioners (N. ‘he AO Tal eae 12.0 
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: Per cent 
*Kings County Lighting Company (gas) by New 

York Public Service Comm., Ist Dist.,1911....... Oe A 
*Queensboro Gas & Electric Co., by N. Y. Public 

Service Commission, First District. 1911.......... Silees 
Peoples Gas Light & Coke Co., by W.J. Hagenah,1911 17.0 
Peoples Gas Light & Coke Co., by Edw. W. Bemis, 

LO ile, tra ce bine cence heeien s ESP aC Raed b fokiocng, stars CLL 0 
Union Electric Light & Power Co. (St. Louis) by 

St. Louis Public Service Commission, 1911........ 10.8 
Chicago Elevated Railways (City valuation) 1912.... 18.0 


Consolidated Gas Electric Light & Power Co. of 
Baltimore, by the Pub. Serv. Comm. of Maryland, 


ONDA RRs Pata ene AE Se oR eet ae ated cone a, 29.5 
The Milwaukee Electric Railway & Light Company, 

by Wisconsin R. R. Commission, 1912............ 12.0 
Public Service Gas Company (Passaic Division) 

by Board of Public Utility Commissioners (N. J.) 

TIES eas VEEN AO SMe eh ee Oe, ee Pe: Tey oe eet aisegs 16 


*Includes an allowance for development of the business. 


CONCLUSIONS 


Justice to both the company and the customers involves the 
inclusion of overhead charges on such a basis as would conform 
to the facts if construction work is efficiently planned and 
carried out and construction charges are carefully separated 
from operating charges. Honesty and accuracy in making these 
separations lead to facts, and to the elimination of assumptions 
and the consequent danger of having our conclusions discredited. 
Thus is emphasized the necessity for a carefully worked out 
program, in accordance -with which it is assumed that the 
property has been constructed, or would be reproduced. 


THE VALUE TO OPERATING COMPANIES OF WELL PLANNED AND 
EXECUTED INVENTORIES 


H. Spoehrer (by letter): Public service commission in- 
vestigations and rate cases in the majority revolve around one 
question, namely: what is the justifiable rate applicable to 
the condition appertaining, which will allow a fair return on 
the investment represented. The justifiable rate being directly 
dependent on the investment concerned, it cannot be intelli- 
gently or fairly fixed without an accurate knowledge of the 
physical property of the company. This, of course, involves 
the taking of an inventory, if such is not kept up by the com- 
pany. Periodic inventories or inventories taken only when 
necessity demands, are not only more expensive than a run- 
ning inventory, but in the case of a large property, consume 
no small amount of time and.expense in the making and are 
usually inaccurate. A running inventory intelligently and 
carefully attended is then, most desirable on three points, 
namely expense, accessibility when needed, and accuracy. 

Numerous occasions arise where a detailed knowledge of 
distribution systems, pole lines or other physical properties 
would be of great advantage to a company. The real need 


2060 INVENTORIES AND APPRAISALS [Sept. 16 


for information in detail is never fully realized until it is found 
that it is not available. In all companies, who lay claim to 
progressiveness and real service, the old system of replacing 
pole lines, etc. and other property of this kind only when falling 
down, results in possible accidents, and is not now adhered to; 
but fixed inventories of these properties are kept up from the 
date of their installation, and replacements are made when it 
becomes necessary and before the service is impaired. It is: 
easily seen that a company, whose construction work varies 
in amount from year to year, is not able intelligently to antic- 
ipate the need fcr replavement, in future years, unless an 
accurate and complete inventory is kept up of such construc- 
tion work. To quote a concrete illustration, it is of no value 
to the owners of a property to know that they have erected 
poles to the valuation of $400,000.00 unless they know what 
per cent of these poles will need réplacing in the coming year. - 

It is frequently of material assistance in order to dispose 
promptly of a company’s securities at an advantageous price, 
if an inventory of its property is immediately available for the 
inspection and ready for verification of the purchase of the 
securities. 

In the case of smaller properties, which frequently change 
hands, an available inventory may facilitate, induce and affect 
a prompt sale. 

Operation of a Public service corporation involves con- 
struction expense to a degree not found in any other class of 
business. Construction expenditures can be satisfactorily esti- 
mated only from previous similar experiences. A well kept 
inventory is, therefore, an invaluable asset in the fixing of 
construction estimates. 

The question of working out appropriate plans for extensions 
and replacements is very similar to the one just touched upon. 
Extensions and replacements can be intelligently estimated as 
to expense only from figures.of previous similar experiences. 
Where there are no such figures available, plans for extensions 
and replacements are necessarily less accurate than in the case 
of similar work having been previously done. Unit costs are 
made possible only through the keeping of running inventories 
or similar system, and it is a well known fact that unit costs 
are an invaluable assistance in planning the expense of exten- 
sions and replacements. 

Plant and property accounts are in a sense inventory ac- 
counts. It is a self-evident fact that where no inventory is 
kept up, the valuation shown on the books of the plant and 
property accounts can be little depended upon. By means of 
a running inventory or one periodically taken, corrections can 
be made of the book values of these accounts, so that these values 
really represent the physical valuation of the property as they 
are primarily supposed to do. 

In the matter of setting up a proper amount of depreciation 
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as a reserve for replacement, the data and information gleaned 
from a running inventory of any property will be inestimable. 
It will afford actual data as to the life of various classes of 
equipment, from which an accurate table of rates of deprecia- 
tion may be compiled. 

The municipal ownership agitation and the possibility of 
properties being taken over by the municipality in some in- 
stances, requires a preparedness to refute fallacious statements 
and also an intimate knowledge of the value of the property. 

In submitting bids on city lighting the cost of the service 
must usually be developed, which involves the valuation of the 
equipment employed. 


WorKING CAPITAL 

Henry Floy (by letter): The term, working capital, is 
usually taken to include that part of the capital investment 
of a public utility corporation represented by: 

First, necessary cash on hand and in banks, and second, 
the value of materials, stores and supplies in stock necessary 
for the normal conduct of the business. 

The above limited use of the term working capital does not 
properly cover and include all of those quick assets which 
should be recognized and allowed in determining the fair value 
of working capital required by the ordinary, going utility. 

In addition to the elements enumerated above, there should 
be considered and included accounts receivable and the accounts 
payable, as well as the value of other assets, such as prepay- 
ments, stocks on hand, or possibly even credits, by which the 
conduct of the business may be facilitated and its cost mini- 
mized. , 

In cases of purchase and sale, the cash on hand or in banks 
is not ordinarily transferred with title to the property. On 
the other hand, the present value of stores and supplies, the 
difference between accounts receivable and accounts payable, 
accrued interest, wages, taxes and prepayments, are all usually 
considered and equitably adjusted in the price paid by the 
purchaser. 

In determining the value of a utility, whether for rate making 
or sale, consideration of all of the elements fairly constituting 
working capital should be ascertained and included or excluded, 
as the circumstances may warrant. These elements may fairly 
be divided as follows: 

Current Assets 

Cash, 

Stores and supplies, 

Manufactured product on hand, 

Manufactured product delivered to customers but not 
billed, 

Accounts receivable, 

Prepayments of insurance, taxes or other normal oper- 
ating expenses, 
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Current Liabilit‘es 
Accounts payable 
Interest accrued 
Wages accrued 
Taxes or insurance accrued. 

In order that a utility may be enabled to carry on its business 
with the maximum economy, resulting from advantageous 
buying and discounting of bills, there must be available, re- 
spectively, the highest credit and sufficient cash on hand to 
take advantage of discounts. It may be argued that it is not 
necessary to pay for supplies as soon as delivered, because 
thirty or sixty days credit is obtainable. Again, it is claimed, 
a utility with reasonable credit may borrow from time to time 
to provide for current needs. The answer to the first argu- 
ment is that a discount is usually obtainable for prompt payment 
as the seller must, of necessity, include the interest charge in 
his selling price, if compelled to carry an account for thirty 
or sixty or ninety days. In reply to the second argument, 
borrowing of course requires the paying of interest on loans, 
which results in a higher operating cost to the utility and in- 
creases the rates for service rendered, consequently a fairly 
definite amount of cash on hand must always be held as liquid 
capital by every properly managed efficient public utility. 

To render efficient service a utility must always have on hand 
and available, an ample quantity of stores and supplies with 
which to make repairs or replacements that are ordinarily de- 
manded at a fairly uniform rate, but which must be available 
in sufficient quantity at all times to provide for unexpected or 
sudden, unusual and exceptional demands. In order to manu- 
facture or provide the commodity, which is later sold to its 
customers, the utility must purchase and furnish in advance 
of consumption, sometimes for long periods previous to con- 
sumption, such items as fuel, oil, labor, etc. Consequently, in 
addition to cash on hand or in bank, there must be always con- 
veniently available or in storerooms a quantity of stores, sup- 
plies, repair and renewal parts, as well as fuel, oil or other raw 
material, required by the manufacturing processes, that repre- 
sent a proportion of the capital investment of a properly man- 
aged public utility. 

In addition to stores and supplies on hand, the value of 
product manufactured or delivered, but not yet billed, such 
as gas in a holder or electrical energy delivered to consumers 
in advance of the monthly billing, may fairly be included. 
The value of these products, which often represent a substantial 
part of the capital of a utility tied up and invested in the busi- 
ness, has frequently been overlooked or ignored in fixing the 
proper basis for rate making. It will be recognized that the 
books do not show the value of such product as has been manu- 
factured, or possibly sold and delivered, until the bills against 
the consumers are made out, although the cost of manufacture 
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has accrued against the company. Where bills are made out 
at frequent intervals, the value of the product may not run 
into very large amounts, but where bills are rendered semi- 
annually, for example, the value of the manufactured and de- 
livered product may prove to be a very considerable portion 
of the total value of the property. 

Under the generally accepted terms and methods of doing 
business, goods and materials received are not paid for upon 
delivery, with the result that bills and accounts receivable and 
bills and accounts payable largely tend to offset one another, 
but their difference either as a credit or debit must be taken 
into account in ascertaining the proper and necessary working 
capital of a utility. 

It is frequently the case that the control of a public utility 
is held by a holding or controlling company through stock 
ownership. In such cases it is not uncommon practise for the 
holding company to have turned over to it at frequent intervals, 
perhaps monthly; practically all revenues received by the sub- 
sidiary corporation, then all bills for supplies, equipment, sal- 
aries, interest and other large items are paid by the holding 
company, the subsidiary corporations merely keeping small 
amounts of cash on hand with which to pay local, current bills. 
Under these conditions, the holding company and not the local 
corporations, as a matter of act, requires the bulk of the work- 
ing capital necessary to conduct the operations of the subsidiary 
corporations, hence the quick assets and cash on hand of the 
latter do not indicate the amounts required for the proper 
conduct of their business, because in such cases, the cash, 
quick assets and credit of the holding company is used for the 
benefit of the subsidiary companies. In determining the 
proper amount of working capital that should be allowed a 
subsidiary company, controlled in the manner indicated, this 
credit of the subsidiary company with the holding company 
is usually equivalent in value to quick assets or cash actually 
on hand. This arrangement and credit of the subsidiary com- 
pany with the holding company, together with the cash or other 
quick assets held locally by the former, the value of the stores 
and supplies on hand, both locally and at the distributing center, 
controlled by the holding company and held available for the 
benefit of the subsidiary company, together constitute the 
working capital of the subsidiary company. A fair method of 
ascertaining the total value of the stores and supplies, cash on 
hand and quick assets that may normally be allowed the sub- 
sidiary company, existing under such arrangements and con- 
trolled as outlined above, may be measured by the methods 
suggested as proper for determining the working capital of a 
utility entirely locally controlled. 

It is generally conceded by authorities in public service 
regulation that the question with regard to working capital is 
not whether any working capital should be provided as a part 
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of the capital cost, but rather the amount of working capital 
to be properly allowed in the sum representing the total fair 
value of the property. 

The amount of working capital will vary with the character 
of the business of the corporation being considered. With 
street railways, for example, where the fare is paid by the 
passenger in advance of the service to be rendered, the amount 
of cash working capital required by such utility will be very 
much less than in the case of a water works corporation, which 
sends out bills only once in three or six months and receives 
a payment from four to eight months after rendition of service. 

The cash on hand at any particular period, or the average 
of different periods, may not fairly indicate the cash quickly 
available for a utility, because other quick assets or individual 
credit may permit the drawing down of cash actually on hand 
to a minimum. In a similar way, the value of stores and 
supplies found to be on hand at any particular time may not 
be a fair indication of the amount to be allowed for this purpose. 
The distance of a particular utility being considered, from the 
points from which stores and supplies are principally shipped, 
the time required for filling orders by the manufacturers after 
placing, the tardiness of transportation, due to distance or 
congestion, all bear on the question of proper allowance of 
the quantities and hence the value of stores and supplies. 

Various methods have been suggested for determining the | 
proper amount of working capital required for the different 
classes of utilities under normal or average conditions. A very 
generally accepted basis of estimate is to base the amount of 
cash working capital upon a consideration of the annual gTOss 
revenues. This basis has been frequently accepted by courts 
and commissions as reasonable, because related to the amount 
of business being transacted and dependent, in a large measure, 
upon those receipts and their usually attendant expenses. 
Varying percentages of the annual gross revenue have been 
used for determining cash working capital, varying from 5 per 
cent to 25 per cent, depending upon the character of the business 
and the size and credit of the corporation. An examination 
of the actual cash balances kept on hand by a number of public 
utilities of different classes, such as gas, electric light and street 
railway property, averaged over a large number of months, 
aggregating several years, shows that practically 123 per cent 
of gross revenue was maintained as the actual cash working 
capital on hand. This figure would, therefore, seem to have 
special weight as showing the normal average condition and 
the average requirements of such utility. 

A second method of determining the normal amount of cash 
working capital required by a public utility, which is receiving 
much consideration, is based on an examination of the monthly 
and annual operating expenses and payments, as well as the 
conditions under which receipts accrue from the sale of the service 


2065 


DISCUSSION AT SAN FRANCISCO 


1915] 


{ €€8'19Z Tddng 


iia 6°06 Aca yseo LIZ‘6L1'ST SOL‘O9F'T LLY‘FOL'T 8G‘ POT'S 
ST L‘Z99 
(1ddng 29 yseo) 
Lg 000‘0¢% 000‘0¢2'F 
C1ddng 000‘9T9) 
6G 6°IT 000°919'T CEP'sl9'Ss LE‘ST9'S 016‘986'6 G8P'SES'ET 
‘day-Aay ) ‘deg BUTyIO MW ‘eA ‘Orda 19N sesuedxg “do QnUsAdyY, 
jus. og 
‘SSHONVMOTTIV IVLIdVO DNIMYOM—SNOISIORG LaAnoo 
(Ysvo 2 sa10}s) 
FPS OF 000°¢ez 000‘00L‘F ZE6'99E ST L‘98% T¢e9‘Eeg9 
000°0E *S BW ; : 
SPE G's 000°09 =yseo €9E'‘F19'S 88E SI¢ 61F'ShS L08‘LS0'T 
OST‘OF “S 2 'W ; 
Ger G62 000‘08  yseo S8L'S9L‘'S 000‘8ST'T OOT‘9TS‘T 
LE9'TS “S BW ai 
GLY 9ST 000‘00T Ysera 6ST FEL € TZS‘ZZE SSP‘ Is9 900'F02'T 
9E°T 000‘00T 0Z0'828'2 
cof 000‘¢¥ 198'€66 
LLG 000°0§ €1T8‘Z80'T 
(jddns }jey pue 
yseo Fey) : ‘ : 
FEE Gor 000‘08 629 LLVG SPY 686 G6L 6FE OF0‘'SF9 
(1ddns jjey pue Cezjqiowe 
° yseo Jey) F9E'9zS 
. SsuIpnyjout) 
Cac CLT 000‘0F 9OLF‘9ST'T OLT'LL C9S‘SFI TE6'FSS 
(890992) OTS‘SEr'es 
6°9 (ZS'¥S8) 
SES (YS¥o 8L9'F8F) £Z0'926'9T 
8r6' P16 
(‘{ddns :-ysvo £) 
G°E% 000‘¢-0F 9ZT'E8 Ser 16 199‘T8T 
(000‘0g ‘1ddns) 000'SES 66S 66 £66 0OT 68‘661 
MBG % St (000‘0S-¢F) 000'EIF 299°8¢ S19 %8 CLG TFT 
“9 TBA ‘doy *AeXy ‘deg Buryi0o ‘TeA ‘ordayy 29N ‘sdxq ‘do anussdy 


seVe, sfetln sate tsinnata na asEg sey oresseg 


OD Sex) pazeprjosuog 


09 “41 B Ig oyeg 
“NOLONIHSVY M 


om i 0D “S19L 191 [eiepeg 
"09 yInpuOD w "Ig yowrEyER 


lists Reset ch eg eile: acento 5 
‘Ip ely BurmI05 sonsouioe, 
ery “05 


x) J ‘0291q 2 “D o10qsueanG 


tone n ss s82@9 “ar tag sBulyy 


09 *D ‘o10g “usp 
“MAOK MAN 


\ "das peqeprosiog 
os WOD GNVIAUV 
HUE) +09 sa9-T-q orp 
‘WOO SINOT ‘1g 
ae oe 00 “9°81 9° MM Hope 
— “OD “H e°D vostpeyy 
NISNOOSIM 
Se a ee ee 


‘a 
a) 


jO yao jag : 
a = Pe) mane e DEEN Se = eee ee 


SHONVMOTIV IVLIdVO ONIMUOM--SNOISSINWOO AOIAUHS OlIand 


2066 INVENTORIES AND APPRAISALS [Sept. 16 


rendered by the utility, or received from its customers by the 
corporation. It will be seen that where receipts do not come in 
for fifteen days, for example, after the expiration of the period 
to-which such receipts relate, and the bills upon which such 
receipts are based are rendered the first of the month for service 
performed during the preceding month, the current liabilities 
of the corporation being largely incurred before the service is 
rendered, the payment of which liabilities under the wisest 
business management should not and cannot be deferred, there 
must be provided and available sufficient cash working capital 
to meet at least two months’ average payments. When bills 
are not rendered monthly but over longer periods, still larger 
amounts of cash working capital must be provided than would 
be indicated by a two months’ average payment of expenses. 
Moreover, an amount larger than that required to meet normal 
average conditions must be allowed to provide for the con- 
tingent, unexpected and abnormal condition caused by strikes, 
financial stringencies, fire, ‘accident or other unusual events, 
which prevent the normal receipt of revenue or call for more 
than normal expenditures. 

A third basis of ascertaining normal working capital to be 
allowed any particular corporation is by fixing a ratio of that 
capital to the appraised value of the property. A consideration 
of the decisions of public service commissions and courts indi- 
cates that the sum of working capital allowed to cover stores 
and supplies and cash, together with quick assets, varies from 
3 to 6 or 7 per cent of the appraised value of the property; 
the stores and supplies frequently being about twice the amount 
of cash or cash assets. As explained above, the amount will, 
of course, vary with the character of the utility being considered 
and the practise that exists as to the frequency of rendering 
bills for service rendered and the promptness of payment of 
the users. From an examination of the decisions of com- 
missions and courts, the accompanying table, showing typical 
allowances made for working capital, has been prepared. 

W. F. Lamme (by letter): To a man of business affairs, it 
sounds strange to have the statement made as if it were some- 
thing new, that working capital is necessary, for to him it is 
self-evident that such capital must be furnished; however, to 
the average layman, it seems that the need for such capital 
must be explained and this is done very completely in the 
paper by Mr. Norton. 

In the appraisal values to be given a public utility, the public 
or consumers are concerned usually only to the extent of their 
effect on the rates, and to a minor extent on the effect they 
bear on the tax rate or additional burden thrown on the general 
public, but the public utility company, that is, its stockholders, 
is concerned to the extent of conserving its investment and to 
securing a fair or sometimes more than fairreturn or dividends 
upon the same. 


Fa 
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Since there can be no public utility. without capital and no 
capital can be secured without assurances of ample returns, 
then rates must be such as to attract and furnish capital, and 
after capital has been expended and the rates are fixed by 
parties or powers outside the control of the utility company, 
it is manifestly unjust to fix rates which will not yield fair 
returns on all expenditures made and all risks run. 

Such, then, being the law of investment, the chief items in 
rate making are to find out the amount of the investment— 
the amount of the risk, and the amount of the returns to be 
allowed. From these items it ought to be possible to choose 
a fair rate. 

In the above, it is noted that the amount of the investment 
is the fundamental item, and to illustrate in a concrete form 
what is meant by this term investment, take the example of 
the construction and operating of an ocean steamer. 

With an ocean steamer, about the following would be the 
course of procedure. 

1. An investigation is made to learn the probability of such | 
a steamer as proposed making a return on a probable cost. 

2. What is the probable risk on the cost if made. 

3. The approximate cost of steamer. 

4. The approximate cost to operate. 

5. The probable net earnings. 

All the above investigations must cost some person or persons 
or company something or they would not have been made and 
are part of the investment and finally if the vessel is built these 
items of cost must be added to the total other costs and this 
final amount is what makes up the term which is known as the 
investment. The owners have a right to a fair return on this 
investment befitting the risk taken and this should include a 
reward to the “fellow who had the idea’”’ and carried ittoa 
conclusion. 

So in a public utility, which usually starts in a small way 
and is gradually increased or is absorbed into a larger and more 
extensive utility, the risk from the start and the returns on that 
risk should be considered and if the returns are not ample to 
cover this risk, addition should be permitted to be made to 
capital or investment in the way of stock or otherwise to com- 
pensate in future for risks and losses in the past, and if in the 
future the earnings should become sufficient to cover this past 
risk and more, then, the rate should be reduced, but not until 
then; further, if in the future the early risks disappear, then, 
the property becomes more desirable and the returns can be 
again reduced to an amount fitting the safe condition of the 
investment. In other words, the consumer in a public utility, 
who helps to build up the business, should now benefit in the 
building. 

Under the broad division ‘risk’? should be included the 
items of superseding and replacing of parts of a plant as 
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well as replacing of portions of the original investment. There 
is a tendency in the public mind to reason that the proper 
basis upon which to fix rates is the cost of the plant new 
at the time of the fixing of the rates. This is manifestly 
unfair to the owners, unless an allowance has been made 
to cover the difference between the original investment and 
the present estimated new investment. It seems to the writer 
that this allowance should be made in order finally to give the 
consumer a rate based on the present cost new, otherwise the 
public utility commission or other regulating body is almost 
continually required to meet the contention that a new plant 
can furnish service for a less rate than that fixed by the regu- 
lating body. 

Summing up, a public utility must have its investment 
conserved, otherwise capital is not available for constructing 
same nor for extending it; any regulation increasing the risk 
or decreasing the amount of the original investment such as 
by some method of estimate new strikes at a vital part and is 
liable to do the public utility harm and finally do harm to 
the general consuming public. 

F, J. Rankin (by letter): In arriving at the total number 
of days between the average receipt of service and the payment 
therefor, it does not seem to me proper to include the average 
days use of total consumption during the month. In ordinary 
business transactions, payment within thirty days is con- 
sidered cash, and this rule should apply to the operating company 
and consumer alike. It is no more right to assume that the 
consumer’s service should be paid for daily and therefore that 
he should pay interest on his average days use of consumption 
per month, than it is to assume that the operating expenses 
should be. paid daily, or otherwise draw interest until paid. 
The average days between the reading of the meter and getting 
the bills into the hands of the consumer, and the average days 
elapsed between the delivery of the bill and payment therefor, 
seem to be proper items to include in arriving at an allowance 
for working capital. The time due to these two causes, how- 
ever, should be made as short as possible. This could be 
accomplished by proper rules and. regulations established 
either by the utility or the commission having jurisdiction. 
In the illustration given by Mr. Norton, it appears that “dis- 
count day” comes fifteen days after bills are rendered, and 
that the penalty for not paying promptly is very slight, as in 
this case only seventy per cent of the bills were paid in time to 
take advantage of the usual discount. It would be to the 
advantage of consumer and company alike to make the time 
between the reading of meters and payment as short as possible. 
The delay from weekly bills is usually such a small item that 
it is hardly worth considering, and it seems questionable whether 
or not anything should be allowed on this account, since three- 
fourths, and probably all, of the consumption during the month 
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is paid for before the company is required to meet its obliga- 
tions for the service rendered during the month. 

Neither does it seem correct to add the amount due from 
open accounts to working capital. If bills are not paid when 
due, they should bear interest until paid. This would place 
the penalty where it belongs, rather than on the consumer who 
pays his bills promptly. 

It seems that the proper allowance for working capital should 
include the delay from monthly bills, from the time meters are 
read until payment is received; merchandise supplies; fuel 
reserve; and a liberal minimum cash balance. 

T. J. Ryan: Mr. Cory has presented general definitions 
of the various purposes for which valuations have been made, 
and has outlined the principles upon which each should be based 
and the factors which should be considered in reaching the 
conclusions desired. Mr. Vincent has analyzed the organiza- 
tion required and the method of procedure involved in making 
an inventory and appraisal of a utility’s property, with a dis- 
cussion of the records required to maintain it. 

It is a matter of regret that these gentlemen have confined 
their papers to the generic phases of the subject, and have 
withheld from us the results of their broad experience and 
keen judgment in handling some of the specific problems they 
have met in recent practise,as, notably in the valuation of 
public utilities the proper application of an undisputed principle 
is not always clear. This may be illustrated by reference to 
a recent condemnation suit in which four valuations were pre- 
sented, with a ratio of 4, 6, 7, and 9, between the values given 
in the several reports, yet each of the engineers employed will, 
without doubt, maintain most sturdily that he had complied 
with all the essential principles laid down in the papers we are 
privileged to discuss. 

The points of issue between the reports of engineers that 
perplex commissions and courts, and which have sometimes 
resulted in decisions that are the despair of investors, rarely 
arise from the inventories presented, as it is usually possible 
to reach a satisfactory agreement even between conflicting 
interests as to the nature and extent of a ptoperty under con- 
sideration. 

Let us for a moment consider a few extreme instances in which 
the actual facts are somewhat distorted to make the problem 
clear, where the effect of the theories suggested may be compared. 

First: A certain hydroelectric power plant was installed 
about twelve years ago. The water wheels and generators, 
while still operating as efficiently as ever, are of types that are 
no longer manufactured, making an estimate of reproduction 
cost or cost to reproduce new, dependent on assumptions that 
may not be readily admitted. At the time of the installation 
it was necessary to build a wagon road 32 miles, mostly through 
rough mountain topography, to a rail point, and haul the 
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entire equipment over it.. Since then a railway has been built 
to within 500 yards of the plant site. Something over a mile 
of flume was built of lumber cut from lands adjoining the 
rights of way, a source of supply which has since been exhausted, 
and the reproduction of this structure would involve expendi- 
tures that would be almost, if not quite, prohibitive. 

It is easily conceivable that inventories of this plant made 
by any number of valuation organizations might be in sub- 
stantial accord, that their measurements of buildings, dams, 
canals and foundations would be similar and that their com- 
putations of materials required in their construction would not 
show essential variance, but in the application of values we 
would expect to find differences of opinion and conflicts in 
judgment that might well afford engineering skill its highest 
opportunity in devising a common basis for honest men to 
meet and work together for a fair. and rational conclusion. 

Second: A power company built a line extension in which 
it utilized a quantity of fir timbers that had been assembled 
to fill a contract for piling but which a rigid interpretation of 
specifications had caused to be rejected. They made excellent 
poles and were purchased for 25 cents each. Four years later, 
when a valuation was made, the sources from which these fir 
poles had been obtained were exhausted and the nearest avail- 
able supply was so remote as to make the cost of securing them 
exceed that of cedar poles of the same length. Considerable 
decay had occurred at the time of the valuation and about 
15 per cent of the poles had been stubbed. In applying the 
theories of value suggested, we have for comparison: 


U.S Investmremttaerns 2. era ia ee ee 0.25 per pole 
2~ Qriginalicost ts. <3 reicentas. picg ue ete see il 2 eee 
3. Cost to reproduce new...:..0...2.....5. 6.00) “oe 
2 Reproductionvcosten ene ee 1G) Uae te as 
5. Present value (4/10 of life elapsed)...... 3.60 “ « 


6. Service value, as measured by cedar pole. 5.30 “ “ 

Third: A lumber company built a flume as a means of trans- 
porting timber from a mountain forest to markets. After its 
completion, the company failed to secure sufficient lumber to 
enable it to go ahead, and the enterprise was changed to an 
irrigation project: For fifteen years it struggled against ad- 
versity and after repeated and persistent efforts was sold for 
$150,000 cash to new owners. Three years later a municipality 
endeavored to acquire it as an additional source of water supply, 
and instituted condemnation proceedings. Numerous valua- 
tions were filed, from which the following may be quoted: 


LA vestinenitiyens, ., Heke Sat o.6.9 ee ee $960,000 
2. Original costs. aet.. Ag eSHiEee ne See 1,250,000 
3..Cast to reproduce new: .o5t),00 > a eee 718,000 
4% Reproduction.cost.wi.s Jo saccce Geaeeee eee No estimate 
o. £resent depreciated value). 5, 1 eee 235,000 
6. Service value (as measured by actual sale)..... 150,000 


Fourth: A utility operates a generating plant on a site - 
fronting a navigable stream, which, through the development 
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of adjacent property and water traffic, became far more valu- 
able for other purposes than that for which it was acquired. 
An equally favorable site for operative purposes may be ob- 
tained at a lower cost only a short distance away, but its use - 
would involve the removal of the plant. With these premises 
a comparison of theories involves the following: 


Tra westiaenitiy ey. atts. atkins Geka a rapen tee None—donated 
2. Origimalicostito donorsmciaasit cen ea eles $ 2,500 
Se COS tLOSe plo GUCeEMle Wipwticl-ta- Eieheraovaexctera eka 90,000 
APeINCDEOGCUC TION COS omy areie <= Ba cue sich ats ee aos 1 90,000 
ve IPResenttvialteere te ete ane tonite: 90,000 


. Service values (as measured by cost of equally 


adequate site)........... 27,500 


In the valuation of every large system and to a proportionate 
degree in every small one, there arises the necessity for fixing 
the value of structures or equipment that admittedly could 
not be reproduced within economic limits of cost, and also of 
giving fair consideration to property acquired wisely doubtless 
in the light of the time, but which changed conditions and rapidly 
advancing arts has rendered inadequate or obsolete often far 
in advance of the termination of its useful life or impairment 
of efficiency. 

Such a valuation regardless of the purpose for which it is 
made, should be a measurement of the extent and availability 
of a utility’s capacity to serve. It should have for its primary 
object the determination of the basis on which its owners may, 
in justice to the public, and with fairness to themselves, demand 
compensation for the service rendered All other purposes 
and all other theories of value are relatively unimportant, be- 
cause, when this basis is once fixed, all activities must be adjusted 
con fot ts 

The importance of ascertaining with precision the actual cost 
of labor and material involved in building a property, or that 
would be required to replace it, must not be minimized, but 
they are not a measure of its value. 

It is obvious that what in view of later developments may 
prove to have been an injudicious investment if made in good 
faith, should be afforded every opportunity to work its way 
out to stability, but it is equally clear that when this can not 
be done, there must be a readjustment to a value commensurate 
with the service the property is able to furnish. 

On the other hand, the expenditure of money under intelligent 

direction in constructing a property designed to meet the present 

and anticipate the future needs of a community should result 
in values in excess of cost. It is difficult to believe that man- 
agerial ability or capital can be attracted to an industry or an 
enterprise in which the maximum return is limited by the 
actual sum invested, and where the hazard of loss is as great 
as that which has characterized public utility investments 1n 
recent times. 

An increase of value over cost isnot intangible but very real, 
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as any who have endeavored to purchase a profitable business 
can readily appreciate. 

It may be freely admitted that the process of determining 
the service value of a utility does not readily lend itself to 
exact definition, and even that it invites the exploitation of 
vague theories and opinions based on nothing tangible, but 
on no other basis can exact justice be accorded by conflicting 
interests, proper encouragement be given to enterprise, and an 
adequate reward be afforded those who contrive and create. 
To follow any theory of original cost, cost to reproduce, or 
reproduction cost new, rigidly to their logical end, may, and 
often does result in conclusions so absurdly high in some cases 
and so low in others as to be equally incompetent as a measure 
of value. 

The valuation of public utility is a means to an end, never 
the end itself. In almost every case it includes within its scope 
questions in which the lawyer and accountant are vitally in- 
terested, and the rational consideration of the problem depends 
largely upon their intelligent advice and cooperation in collect- 
ing and presenting the data involved. 

F. E. Hoar: One thing seems apparent to me, and that is 
that there is a great confusion of the terms, cost and valuation. 
It seems entirely illogical to me that the present-day prices, 
for example, should be added to a historical plant, or should 
be applied to a historical plant, in order to measure value. 
I feel that such an estimate is entirely illogical, and can result 
in nothing but further confusion. If present-day prices are to 
be used, I see no way in which a value can be measured, other than 
to apply those prices to a substitute plant, or to a plant which 
would reproduce the service at this time. In reproducing the 
cost of a property, or reproducing the property on the historical 
method, it would undoubtedly be necessary to use historical 
prices and the historical plant. I think that this would be 
perfectly obvious when we consider that it would be physically 
impossible to reproduce an existing plant that has operated 
over a considerable number of years, but in reproducing this 
plant on the historical method, we introduce the question not 
of value, but rather one of equity, one which is some measure 
of what the company should be entitled to earn for the money 
that they have invested. I think that there is no conflict in 
the opinion of most of us as to equities in the problem, and that 
a company investing its. money reasonably and honestly should 
be entitled to a fair return upon that money. Of course, en- 
gineering estimates must presuppose honesty and ordinary 
business judgment; otherwise, we could use simply the cost 
obtained from the company’s books. Without suggesting that 
such accounts may contain items which are not reasonable or 
honest, I think that, the engineer, at least, would feel more 
sure of his position if he estimated the cost to reproduce that 
property at the time and in the manner in which it was actually 
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produced, using the prices which obtained at that time. That, 
to my mind, would indicate what the company should earn 
on, if we assumein advance that it is entitled to earn interest 
on each dollar invested. If we assume that the company is 
entitled not to earn on the investment but rather on the present 
value of the property, then we must disregard the question of 
cost entirely, unless it be the cost to reproduce the service. 
I think, when it comes to questions of value, the basis of cal- 
culation is the cost to reproduce the service to either all or a 
portion of the present consumers, grounded on our estimates 
of the earning power of the corporation. ; 

J. B. Fisken: In providing for working capital, it is sug- 
gested that working capital should be provided to take care of 
doing a jobbing business. I do not think that is right. It 
seems to me that a jobbing business is non-operative, and 
that a utility engaged in a jobbing business should be allowed 
to make any profit they can, the same as other jobbers do. 
I have an idea that in making a valuation of any public utility, 
all non-operating property should be entirely eliminated. It 
has occurred to me several times, that the question of the value of 
the service is quite animportant one. I assume a case of two 
communities served with the same quality of service. Take 
the case of an electric power service. One community is served 
by a company buying their power at a very low figure from 
another company; this does not involve any expenditure for 
generating plant. If their charges for service are based on 
their investment, of course, the people living in that com- 
munity will get a very low rate. Ten miles away from that 
community, there may be another one which has not been 
fortunate enough to make a contract to buy power at a low 
rate, and has to invest in an expensive generating plant; that 
community may have to pay twice as much as the other one, 
and yet the value of the service is the same. Now, it has also 
occurred to me, as to what constitutes confiscation. In the 
West, I believe, it is generally acknowledged that an 8 per cent 
return on an investment is reasonable. Now, if a regulatory 
commission should reduce the valuation of a utility’s invest- 
ment so that their return is cut to 4 per cent on the actual 
investment, it seems to me that it has confiscated half of their 
capital, and in making a valuation of a property I think it 
would be very much fairer to make a sufficient inventory and in- 
vestigation to establish whether or not the utility has watered its 
stock. If the utility stock is not watered, if they have been: 
careful in making their investments, I can not see where there 
is anything to be gained by making a detailed inventory. All 
that a commission should find it necessary to do would be to 
make sufficient inquiry to satisfy itself that the investment 
has been carefully made. 

John H. Finney: I would like to inquire what 8 per cent 
return means, as applied to a public utility. If it means net 
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return to capital invested and is fixed as a maximum which 
capital is to be permitted to earn, there is not going to be, 
in my opinion, a great deal of either hydroelectric develop- 
ment or public utility development in the near future. If you 
pay 6 per cent for money, 8 per cent is not going to give the 
concern operating and building up the enterprise a profitable 
or adequate return. 

A proposition cannot be financed where such an unfair and 
inadequate limitation is imposed, and if it is an existing con- 
cern and such limitations are imposed, it cannot hope to live 
and thrive for long. 

David B. Rushmore: The interest attending the regulation 
of economic activities is not confined exclusively to those as- 
sociated with public utility and railway enterprises. The signs 
of the times all indicate that manufacturing companies and, 
later, mercantile and other enterprises, will all receive state or 
federal regulation. 

Without question, the production, transportation and dis- 
tribution of commodities will come under the same govern- 
mental restrictions as are now attending the same features in 
connection with electric energy or transportation. 

The important feature to be borne in mind in connection 
with regulation is the definite object to be attained, and this 
should necessitate the clear enunciation of certain fundamental 
principles. It would seem that up to date these have not 
been. distinctly stated. 

It is important that we should know the fundamental prin- 
ciples underlying regulation or rate making. Will it be possible 
to decide all of the important questions involved unless some 
agreement is previously had on such fundamentals? 

The items which make up the cost of product are so involved 
and so difficult of determination, that people not familiar with 
these subjects at first-hand are met with very great difficulties 
in their attempts to treat the subject intelligently. We must 
assume a desire on the part of all individuals to do what is right. 
The difficulty is, of course, to determine what that is. 

Working capital may be considered somewhat in the nature 
of the auxiliary reservoir at the top of the high-head pipe lines 
of hydroelectric plants. Due to the fact that any additions 
in the future are necessarily subject to some uncertainties, no 
one would wish to run a hydroelectric plant or a commercial 
enterprise with too great or exact a limitation put on the work- 
ing capital or the reservoir capacity on which he can draw 
to meet unexpected requirements. 

L. B. Ready: The question of investment often bothered me 
to know just what we should include. Should we include 
interest during construction as reproduction value, or the 
amount which the company has charged to interest during 
construction, where the company has charged a lot of money 
to operating expenses which might be charged as capital? 
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Mr. Cory has not defined what should be capital, and I think 
it would help us greatly if we knew exactly what should be 
included in capital, in the question of investment, which should 
be included in capital under the question of reproduction cost, 
or original cost; and I would also like to ask what he means by 
the consideration of discount of bonds. It seems to me that 
the discount of the bonds and the payment of commission on 
stock is more a question of money to the utility, and should 
be considered in the rate of return allowed, rather than upon 
the investment, because a company may sell 5 per cent bonds 
for 80 per cent, or sell 6 per cent bonds for a hundred, and 
it is more a question of return rather than investment. And, 
under the investment, does he consider it—whether the pre- 
liminary losses during the development of the business should 
be considered as part of the investment, or as under the question 
of losses; for example, on the reproduction method—reproduction 
new. It would seem logical to consider the reproduction of 
the business, because that is a part of the going property; on 
the investment basis it would seem also logical to either con- 
sider that, or to consider it in the question of the rate of return. 
It necessarily follows that the investment or the reproduction 
value, reproduction new, is not a measure of the value, because 
property, in any sort of investment might not have a value 
commensurate with it. The company may havea value of a 
million dollars, and can not earn a return on a hundred thousand 
dollars, and as a result, there would not be a million dollar 
value. If we start in with the question of value first, based 
largely on the question of the returns, we are working without 
any rate, because the rate of return determined the value, and 
the value then determines the rates. There was one point in 
connection with the determination of the working capital. It 
appears to me in this paper it has been assumed that the com- 
pany has spent its money as the month goes by, that the average 
money is spent in the middle of the month, but how should 
we handle a company that buys power, pays its bills at the end 
of the month, pays its employees at the end of the month, and 
pays a large amount of its maintenance expense at the end of 
the month? Should we then allow it the 15 days during 
the month as a part of its working capital in determining its 
working capital, while it does not pay its bills until after the end 
of the month, and really it only has the additional days on 
which the capital is considered as working capital? Then, 
there was one question on the paper submitted by Mr. Betts, 
in which he showed a percentage of 31.35 per cent of plant 
capital, and varying percentages. As I understood it, he in- 
cluded a part which might be considered development cost, 
interest on construction. Am I wrong about that? 

C. L. Cory: Answering Mr. Ready’s question as to the 
overhead percentages as allowed by Mr. Betts on plant ma- 
chinery and equipment, wherein the total percentage allowed 
is 31.35, the following statement is made in the paper; 
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“On the whole, I feel that an allowance of thirty per cent 
for the overhead charges in connection with plant machinery 
and equipment is fair.” 

In arriving at this percentage in accordance with the detail 
as set up in the paper, nothing is included which has to do 
with the value of the business or the cost of developing the 
business. 

However, there are two instances as stated in the paper, 
marked with asterisks, to which the following note applies. 

‘Includes an allowance for development of business.” 

In these two instances the composite overhead percentage, 
including allowance for the development of the business, is, 
in one case 27.1 per cent and in the other case 31.3 per cent. 

Referring to Mr. Ready’s question as to whether an allow- 
ance for discount on bonds should be made in appraisal work, 
let us consider this matter from, the following standpoint. 
Suppose Mr. Ready desires to lease a house for residence pur- 
poses, and proposes to enter into such a contract with me as 
the owner of the property, it being understood that the rent 
shall net me, after all other charges are allowed for, eight per 
cent per annum. Assume that it is necessary for me to borrow 
either all or a large portion of the money necessary to buy the 
real estate and to construct the house. Assume that financial 
conditions are such that in obtaining the money it is necessary 
for me to obligate myself to pay, at some definite time in the fu- 
ture, a thousand dollars, and at the time of making the loan 
get from the bank but eight hundred dollars. With this illus- 
tration I am only attempting to bring out a comparison with 
what actually happens when a public utility finds it necessary 
to issue bonds and receive from the investment bankers less 
than the face value of such bonds. It would seem clear, I 
think, that it would be necessary for Mr. Ready to pay me 8 
per cent in the shape of rent on each $1000 which it is neces- 
sary for me to invest or borrow, since ultimately it will be 
necessary for me to pay $1000 for each $800 in cash which is 
expended in preparing the property for his use. Under such 
conditions the thousand dollar unit must be considered as the 
cost to buy the land and build the house, or to put it in another 
way, the investment is $1000. 

Referred to the public utility in its method of financing, 
this is actually what happens when such public utility furnishes 
service to its customers. Of course very properly there should 
be introduced into such an arrangement the proper query as 
to whether the arrangement between the bank and myself is 
fair, or to put it in another way, whether this is the best and 
most economical method available by me to obtain the money 
required. 

Again we have a direct analogy in reference to the discount 
on bonds and the interest rate on such bonds. If a borrower 
is willing to pay 10 per cent per annum he might be able to 
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obtain $1000 in cash for his $1000 note, but on the other hand 
financial conditions might be such that if the interest rate were 
reduced to say 6 per cent or possibly 5 per cent the investment 
banker would require a payment of $1000 in the future, al- 
though but $800 was received by the person borrowing the 
money. 

If, then, the investment is to represent actually what it cost 
the public utility to provide the necessary equipment to give 
service, it is necessary to take into consideration what the 
money needed for such construction actually cost, and it is 
well to remember that money is a much more vital element 
in providing service to the public than is Ohm’s law or any 
other physical law. It makes little difference whether we have 
communication of intelligence across the continent by the use 
of the present telegraph or telephone systems with thousands 
of miles of pole lines, or whether we have the same communica- 
tion of intelligence by wireless. Money will be required in the 
building of such systems, and it is purely academic, and to my 
mind foolish, to limit ourselves to a definite restriction as to 
how this service is to be rendered. 

Value is very closely related to the rate of return upon the 
investment. If, for instance, one public utility in a district 
can furnish electrical energy at one-half cent per kw-hr., while 
another finds it impossible to furnish the same service for less 
than one cent per kw-hr., the value of the first utility under 
any circumstances must be greater than the value of the second 
utility. Whether or not rates are regulated has nothing to do 
with this economic question. The amount of business which is 
done will depend upon the cost of the product, and the cheaper 
the commodity can be delivered to consumers the greater will 
be its use. If, for instance, in the near future means are found 
so that we can carry on conversation between San Francisco 
and New York, and the cost of such service, assuming that it 
is equally satisfactory, is one-fifth of what it costs under present 
conditions, it is useless to maintain that the value of such a 
system is not greater, independent of its cost, than those in 
use under present conditions. One matter of importance must 
be borne in mind; it is always of the greatest advantage to 
civilization, to the people interested in public utilities, and to 
the customers of such public utilities, that the best possible 
service be provided at the least possible cost, not for today 
only, however, but for all time. 

Therefore any unnecessary restriction prescribed by a rate- 
fixing body, which in the end permanently retards the develop- 
ment of such public utilities,is just as serious a disadvantage 
to civilization as it is to those interested in public utility de- 
velopment. 

No one desires cheap service. What is desired is good service 
under conditions whereby every requirement of the people will 
be met not only today, but for all time. 
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In conclusion, I wish to add a word as to the value of public 
utility properties. Inthe past we have adopted a lot of artificial 
methods of attempting to arrive at value, when of course ulti- 
mately the value is quite independent of cost, but depends very 
largely upon the net rate of return which is obtained from the 
sale of the commodity. After all, we are trying to get evidence 
in all these cases which will lead us to a conclusion as to the 
amount upon which a certain rate of return shall be allowed, 
and no considerable progress can ever be made if in any way 
value is considered as the equivalent of cost to reproduce new, 
original cost, or similar terms with which we are all familiar. 

There are cases which come before us, however, which are 
not essentially rate cases, wherein we may desire to obtain as 
nearly as possible the investment, or in other words the cost 
of reproduction today, and still others ‘obtain as nearly as 
_ possible a figure representing the cost to reproduce an absolutely 
new plant physically different from an existing plant, but one 
capable of giving the same service. In all these cases, how- 
ever, we are simply attempting to obtain evidence which will 
lead us ultimately to an approximation of the value of the 
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The speed of the cable telegraphy is not satisfactory; the slow 
work makes the cabling very expensive. The direct-current 
impulses are lengthened on a long cable, because the long cable 
vibrates with its own natural frequency, whichis very low. The 
impulses of the direct current overlap, over a certain limit. 
Alternating currents do not suffer such overlapping. The oldest 
form of the alternating-current application is the inverse current. 
Especially Picard and Gott attained good results with their 
inverse current systems. Another direction for increasing the 
speed of the cabling is worked out by the various cable-relays; 
Gulstad’s, Muirhead’s, Heurtley’s and S. G. Brown’s relays are 
discussed. The speed is not yet doubled by the aforementioned 
relays. The attempts with the high-frequency system on 
ordinary cables are discussed. The theory of the resistance 
of the cable is given, and different cables are taken into the com- 
putation. The cable rapid telegraphy is solved by the inductive 
shunts with little resistance. The problem is nearly the same 
also for ocean telephony; the difference is, that for common 
telephony various frequencies must be transmitted without dis- 
tortion. The ocean telephony with aid of high-frequency cur- 
rents on improved cables is already a solved possibility. 

For connecting continental circuits strong current micro- 
phones, more sensitive receivers, improved single-wire loaded cir- 
cuits and telephone relays can be applied, which remove every 
limit of ocean and transcontinental telephony. 


R. Andrew Carnegie expressed an opinion once that men 

get to like each other, if they get to know each other. 

The best means of knowing each other is provided by the vari- 
ous systems of communication. The most agreeable and the 
cheapest means of communication are the telegraph and the 
telephone, both of which transmit human thought with gigantic 
rapidity and to incredible distances. It is a pity that neither 
the telegraph nor the telephone can fulfill both conditions at 
the same time. The distance of successful telegraphy has no 
limit in theory, but in practise, nobody can accuse the present 
submarine cable telegraphy of being rapid; considering the 
matter from another point of view, telephone speech does not 
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exceed the 3000-kilometer distance. The number of the com- 
mercial messages between New York and Denver is very limited. 
This circuit forms today the longest telephone possibility of 
the world, in commercial use.* 

I wish to enumerate the tendency and researches with refer- 
ence to improvements in both cable telegraphy and long- 
distance telephony. There is in reality no difference between 
the two kinds of communications. Both the telegraph and 
telephone employ electrical impulses which are conducted far 
out upon the electrical conductors. The number of the im- 
pulses only is different. We use in the human speech, sounds 
whose frequencies are as great as 20,000 per second, but are 
generally only about 1000 per second; in the telegraphy even 
the most rapid system does not endeavor to exceed the speed 
of the human speech, which is about 20 letters per second. 

Table I shows the instrument speeds of different systems per 
minute. 


TABLE I, 
INSTRUMENT SPEEDS OF DIFFERENT TELEGRAPH SYSTEMS. 


Number of signals 


Name of system. 4 per minute 
Morse; ordinarya.tren eh een eee pan ae ee 70 
Sounder tordinary semen: aah. oe eee 95 
ERughesy'. AOS At . RAT R een eke, 4 a 160 
Baudovk W201 PERS AEES A, BO ree eee 150 
Murray‘simpléx t+. 95), sesh nies ob. 8 eee, 600 
Buckingham simplex 500 
Wheatstone'simplex.., .)...05...0.05. 0s 1500 
Siemens-Halske simplex 2000 
Pollak-Virag simplex 5000 
Recorders... oct tlndetedateet ac eee eae 120 


According to this table the cable recorders work with two 
impulses per second; the highest speed is reached by the Polldk- 
Virdg system, 83 impulses (rounded out to 100) per second. 
This system is not used in practise. In commercial traffic, 
these speeds can not be maintained regularly. 

Reading quickly, we exceed the speed of 60 printed letters 
per second; thus only the yet unused Pollak-Virdg system re- 
cords the telegraphic impulses quicker than we could read them. 
One hour’s reading matter makes for the submarine cables more 
than one day’s work. Considering the limited number of the 


*Since this paper was written the New York-Denver commercial 
service has been extended to San Francisco.—Ep, 
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submarine cables in use today, it is certain that the present 
conditions must be improved, because it is an impossibility 
that there should be no necessity for more exchange of thoughts 
between the people of two continents, America and Europe, 
which count some hundred millions of people, than what one 
person can read during 24 hours. 
e To understand why the Polldk-Virdg speed can not be attained 
on long lines, and especially on the submarine cables of today, 
I wish to explain how an impulse is formed, what its appear- 
ance is at the outgoing station, how it arrives at the incoming 
station. Fig. 1 shows the telegraphic impulse at the beginning 
and at the end of an aerial bronze wire circuit 2120 kilometers 
long. 

The duration of the signal is about 0.1 second, that is, 100 
milliseconds. Hereafter in this paper the expressions, milli- 
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Fic. 1—TuHE LENGTHENING OF Fic. 2—THE OUTGOING CURRENT OF 
THE DiRECT-CURRENT IMPULSES LAND LINE, WHEN AN INDUCTANCE 


Is INSERTED 


second, or 0.001 second, and microsecond, or 0.000,001 second, 
are used. 

We see that in the first millisecond the intensity of the out- 
going current is about twice as great as at the end of the im- 
pulse. The circuit forms a condenser; the charging current of 
this condenser is large, hence the greater strength is obtained. 
Using inductances before the line, we get the form of Fig. 2, 
in which the high peak is rounded out. 

Returning to the study of the Fig. 1, we see that one milli- 
second of time in this case was long enough for all the transient 
phenomena to be displayed. The nearer part of the circuit being 
charged, the current becomes smaller and after about the 20th 
or 30th millisecond it reaches a steady value. 

Looking at the form of the arriving impulse (upper oscillo- 
gram), we see that the starting points do not coincide for the 
two curves. The electricity needs time to traverse the 2120- 
kilometer wire. The speed is not so great as in free air oscil- 
lations—300,000 kilometers per second—but only about 200,- 
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000 kilometers per second, or 200 kilometers per millisecond. 
Hence we see that about 10 milliseconds of time was necessary 
for the arrival of the signals (in the oscillogram the distance 
FE C corresponds to this time). The strength of the arriving 
current has also changed; from C, during 30 to 40 milliseconds 
of time, the curve begins to be steady till it reaches point D; 
this latter point corresponds to the termination of the out 
going current. From this point the discharge of the electric 
current commences with its own natural frequency, which has 
nothing to do with the superimposed frequency of the trans- 
mitted impulses. If the distance between the transmitted im- 
pulses is less than the time of discharge of the received cur- 
rents, the signals overlap; Fig. 3 shows this case schematically. 
If the outgoing impulses are short and too near to each other, 
the overlapping is such that the signals are not readable. 
Up to this point we had to do only with unidirectional direct- 
MMMM 
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Fic. 3—THE OVERLAPPING OF THE OUTGOING DIRECT-CURRENT IMPULSES 


current impulses. Using alternating current, the second half- 
wave counteracts the charge of the first half-wave; the cable 
can not keep a constant charge, and can not be discharged at 
its own natural frequency, which is very low on long cables. 
Fig. 4 shows the result when alternating current of 500 cycles 
per second was used. The distance A B is the same as C Dy. 
E Cis the time necessary for the propagation of the electricity. 
We have no lengthening of the signals. 

Of course, the frequency must not be too low, because at the 
first half-wave of the alternating current and at the last half- 
wave, there might be some lengthening effect. For example, 
it can happen that the breaking of the current occurs in the mic- 
rosecond in which the current has its maximum value; in this 
case the compensation of the preceding half-wave is not per- 
fect; the difference in the compensation manifests itself as a 
direct-current impulse discharging at its arrival with the natu- 
ral frequency of the cable, and so causing the lengthening. 
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But if we do not choose the frequency too low, the charging 
time being under one millisecond, the charging is not done at 
such a rate that it would become troublesome. During one 
millisecond, eventually during 0.1 millisecond, that the transient 
phenomena take place, the charging current has not reached its 
steady value and so its effect does not become harmful. 

We use for receiving the alternating-current signals, special 
apparatus, which responds only to alternating currents, and 
therefore the lengthened direct-current part of the impulse does 
not introduce trouble at the receiver. 

We see from Fig. 4, that the use of alternating currents has 
an indisputable advantage; the lengthening of the signals, and 
therefore the overlapping, is overcome. The arriving alternat- 
ing current, however, is very small and therefore this system can 
not be used on the present submarine cables. The whole resist- 
ance of the submarine telegraph cables of today is very large for 
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Fic. 4—Tue LENGTHENING OF THE TELEGRAPH SIGNALS DOES NOT TAKE 
PLACE WITH ALTERNATING-CURRENT IMPULSES 


currents of moderate frequency. We shall treat this matter 
later in more detail. 

Instead of ordinary alternating current, attempts were made 
in the first years of the cable telegraphy, with inverse currents. 
With the aid of inverse currents, it is possible to fully annihilate 
the discharging current, or at least, to diminish it considerably. 
Mr. Whitehouse, the physicist of the Atlantic Telegraph Com- 
pany, noticed as early as in 1856 that the speed of telegraphy can 
be raised when the polarity of the successive impulses of the 
signals is changed. 

In the eighties of the past century the scheme shown in Fig. 
5 was employed.!. The inverse current was regulated just to 
time of duration, as to its strength. For instance, for short 
cables the inverse current had only two-thirds the strength of 
the outgoing current. 

1. Traité de Telegraphie Sous-marine, E. Winschendorf, Paris 
1888. Page 488. 
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In Fig. 5, S is a polarized relay, the coils of which have about 
the same resistances as the coils at the arrival end of the cable. 
The tongue A B of the relay can be regulated. 

Pressing the button of the key, the positive current divides 
itself, going across the cable and acting upon the relay S. The 
tongue of the relay comes in the V’ position. After the key 
returns to its resting position, the negative current of the dis- 
charge battery divides itself between the cable and the relay 
S, and so annihilates the charge of the cable. The tongue of 
the relay comes in the V position—on the right side. There 
were, of course, simpler arrangements in use. 

In 1898, Mr. Pierre Picard proposed his system, which is em- 
ployed between Algiers and Marseilles, and even between Algiers 
and Paris. With the’aid of this systém, Baudot type-printers are 
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Fic. 5—TuHe MeEtTHOop or USING Fic. 6—INSTALLATION OF THE 
INVERSECURRENTSIN THE EIGHTIES MorsE FOR SUBMARINE CABLE 
OF THE PAST CENTURY ACCORDING TO THE PICARD SYSTEM 


worked over 900-kilometer cables. Fig. 6 shows the scheme.? 

I do not want to go into details, and therefore omit the descrip- 
tions of the ingenious devices, with aid of which type-printer 
devices can be worked over nearly 1000 kilometers of submarine 
cables. I wish only to describe the characteristics of the system, 
which are: 

1. The outgoing impulses are equal in time and are of short 
duration. 

2. Two impulses sent one after the other, have a contrary 
polarity. 

3. After each impulse the sending end of the cable is isolated. 

2. Télégraphie Sous-marine. Systéme Pierre Picard. Notices descrip- 


tives sur quelques installations récentes du service des postes, télégraphes 
et téléphone. Paris, imprimerie nationale 1910,§page 81-100. 
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A and B represent relays in Fig. 6. The long and unequal 
impulses of the Morse code are transformed with help of this 
installation. a is a battery, the negative of which is connected 
to relay A and across the coil of this relay, to the resting position 
of the sending key. The battery c (positive) is arranged across 
the relay B to the working contact of the key. The axis of the 
key communicates across the condenser C with the earth. The 
tongues of the relays are connected to the cable; if no current 
exists in the relay, the tongue is in its resting position. 

The condenser C is negatively charged in the resting position 
of the key. Pressing the key down in its working position, the 
negative charge of the condenser is changed to positive; this 
change produces a very short current, which actuates the relay 
B and sends the outgoing currerit into the cable. After the 
charging current of the condenser ceases, the tongue of the relay 

comes back into its resting 

position, and so the outgoing 

cable current is also very. 
ae short, although the time of 

the pressing down of the key 
wa might have a considerable 
duration. 

Letting the key loose, re- 
peats the cycle, but we get 
a cable current with inverse 
sign. We see that the cable 
was charged with a very short duration positive current, after- 
wards it was isolated, after this a negative current of short 
duration was sent into the cable, then the cable is isolated again. 

Picard employed for receiving, a very sensitive dynamometer- 
relay. The connection of this with the more robust type- 
printer relay is shown in Fig. 7. 

In the nineties of the past century the inverse current question 
was discussed; Mr. W. H. Ash, the superintendent of the Eastern 
Telegraph Company at Porthcurno, gave some suggestions to 
Mr. A. Fraser; the method did not come into general use.* 

Mr. Delany in his patent No. 21629 in 1893 described the 
inverse current system, but did not give details for the sending 
apparatus. 

Mr. P. O'Neil was granted the British patent No. 16462 in 


3. Telegraphy with inverse currents. A. Fraser. The Electrician, 
1913. March 7th issue, page 1018. 


Cable Relay 


Fic. 7—THE RECEIVER-RELAY 
SCHEME OF THE PICARD SYSTEM 
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1907 for telegraphing over submarine cables in type or Roman 
characters by means of consecutive alternating impulses. 

Mr. John Gott, consulting electrician of the Commercial 
Cable Company, made experiments with his inverse current sys- 


rm 


oO 


MICROAMPERES PER VOLT . 
nD 
— 


0 0.2 0.4 0.6 0.8 1.4 1.6 L819 12:0 


Mm) Ww 

SECONDS 

Fic. 8—ForM ON ARRIVAL OF LETTERS ‘S O’’, SIPHON RECORDER CODE; 
LENGTH OF ELEMENT 0.08 SECOND 


tem between London and New York with satisfactory results; 
the reports appeared in the daily press in the first month of 
1913. According to the Electrician, February 21, 19138, issue, 
page 923, “‘ Each unit of a letter is formed by an inverse current 
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so that during the transmission two currents of the same polarity 
never follow one another. At the receiving end the signals are 
retransformed into ordinary Morse.” Gott uses a polarized 
relay and the change of the polarity is obtained automatically. 
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Gott employs the ordinary transmitting key, but instead of 
the ordinary transmitting key the Wheatstone transmitter can 
be used also. ‘In order to transform back again from the 
Morse alphabet with inverse currents to the ordinary Morse, 
the two contacts of the receiving relay are connected together 
electrically, so that a change of polarity makes no difference, and 
the signals are transmitted as if they were made continually 
upon one contact.” 

To compare the methods of cabling, the Figs.8,9,10and 11 
show the form of the arrived currents in the letters ‘‘so’’, drawn 
by H. W. Malcolm according to his theory.* 


MICROAMPERES PER VOLT 
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Fic. 10—Form ON ARRIVAL OF LetrTers “SO,” usING Gott METHOD. 
LENGTH OF ELEMENT 0.08 SECOND. CuRVE A AS SHOWN ON SIPHON 
RECORDER. CURVE B AS SHOWN ON Morse INKER. 


Malcolm computed the arrival form for the San-Francisco- 
Honolulu cable with the following data: 

The capacity of the condenser at the sending and at the 
receiving ends, each 87.46 microfarads. 

L, the length of the cable, 2276 nautical miles, 3663 kilo- 
meters. . 

The whole ohmic resistance L r = 4975 ohms, the whole 
capacity L c = 874.6 microfarads. 

cr L? = 4.352 seconds. 


4. The methods of submarine cable signalling, H. W. Malcolm. 
The Electrician, 1913, issues April 11 and 18, pages 16-18 and 52-54. 
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Considering the curves, it is evident that the Gott method 
is superior to ordinary Morse and to siphon recorder code for 
the non-cross (cumulative) letters. 

Malcolm computed with cross-letters the arrived current- 
forms also and he concluded that in the case of the cross letters 
Gott’s method offers no advantage over, or is even inferior to, 
the siphon recorder code, and inasmuch as a dash is of greater 
duration than a dot, Gott’s method is necessarily slower than 
siphon recorder code, when read by an instrument of variable 
zero, whether relay or recorder. 

According to this opinion it is certain that Gott’s method 


Fic. 11—FormM oN ARRIVAL oF Letters ‘SO, Usinc MopIFIED 
PICARD. LENGTH OF ELEMENT 0.02 SECOND. CuRvE A AS SHOWN ON 
SIPHON RECORDER. CURVE B AS SHOWN ON MorsE INKER 


does not reach a much greater speed than hitherto; his ad- 
vantage, beside the simplicity of Morse inkers, is that the land 
lines could be connected with submarine cables and so a saving 
in operators is possible. Rapid cable telegraphy, however, 
with the help of this method, is not obtainable. 

-From Fig. 8 we see that at the siphon-recorder the first dot 
and the first dash are washed away. With the aid of a suitable 
relay it would be possible to reestablish the original shape of 
the curve. 

Investigators and inventors have done a great deal of re- 
search work in this direction. The researches require a very 
complicated and minute study; we describe only those relays 
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which have been proved in practise. It is quite certain that 
many new forms have not yet had an opportunity to work 
on real cables. 

I have spoken before about Picard’s relay; Picard’s inverse- 
To Cable current system and the Picard relay 
made it possible to keep in con- 
stant work the Baudot type-prin- 
ters in the longest submarine cable 
Main practise. It is the aim of future 
progress to have multiplex type- 
printers work on the Atlantic and 
Southern Pacific cables. 

The relays in use today do not 
yet permit this progress, but they 
make the shape of the received 
current better, and so raise the 
speed by 20 per cent. j 

One of the oldest relays is Mr. 
K. Gulstad’s vibrating relay. The 
Great Northern Telegraph Com- 
pany, of which Mr. K. Gulstad was 
engineer-in-chief, has teen using it more than 20 years; in 
recent years it has been used by other telegraph companies 
to a small extent. 

The relay may be best used on all land lines and on sub- 
marine cables up. to cr = 0.5 to 0.75 second. 
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Fic. 12—Gu.Lstap’s VIBRATING 
RELAY 
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Fic. 13—S1IGNALS REGISTERED ON THE LOCAL RECORDS OF THE GUL- 
STAD VIBRATING RELAY. A: VIBRATIONS FREE; B: VIBRATIONS 
CHECKED BY DASHES; C: VIBRATIONS CHECKED BY SPACE CURRENT; 
D: SIGNALS 


Fig. 12 is the diagram of the Gulstad vibrating relay, Fig. 
13 shows some curves to explain the action of the relay. 

Gulstad’s relay is more sensitive than any polarized relay 
and besides has an increased stability against outside disturbance. 

The battery keeps the tongue in constant vibration; the 
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speed of this vibration can be adjusted by the values of the 
capacity and resistance. It must be made about equal to the 
pre-arranged speed of dot signals from the cable to which the 
relay is applied. The cable current controls only the vibra- 
tions. For instance, the heavier cable currents (dash or space 
signals) in the main winding of. the electromagnet overpower 
the local vibrations and hold the tongue at one or the other 
stop, according to its polarity, till the received dash or space 
current falls below the strength of that of the local vibratory 
current. When the local vibratory current is stronger than 
the received current, the tongue continues its own vibrations 
as previously. 

When “dots” are received from the cable, their current 
amplitude is so small that only a very slight control, and in 
some cases practically none at all, is exerted over the tongue. 
In working through a moderately long cable the dots have at 
the end no appreciable influence, but the relay still SS 
the dots perfectly. 

With the Gulstad relay the cable current is relieved of the 
work of moving the armature and of overcoming the magnetic 
inertia, hence its greater sensitiveness.® 

We need for Atlantic cables a more sensitive relay, which 
is suitable for cables with cr = 2 or 3 seconds. Muirhead 
exhibited at the English Festival of Empire Celebration (1911) 
a relay, with aid of which the time of transmission from New 
York to Buenos Aires can be reduced from 20 to 3 minutes. 
This is owing to the fact that the number of re-transmissions 
by hand is reduced from six to one. 

The Muirhead relay consists essentially of a siphon recorder, 
the moving vane of which causes a gold wire to oscillate back- 
wards and forwards between two silver pegs, with which it 
comes in contact. A movement to one side signals dash and a 
movement to the other dot. The contacts being made from 
gold and silver are not oxidizable, and give a better contact 
effect than other metals. Muirhead modified the sending and 
receiving circuit; a description of this would involve too much 
detail.® 

A successful cable relay was constructed by Mr. E. S. Heurt- 

5. The Gulstad vibrating relay. W. Judd. The Journal of the 
Institution of Electrical Engineers, 1914, issue March 16th, pages 404- 
405. 

6. Muirhead’s Telegraph Relay, The Electrician, 1911, issue October 
13, pages 3-4. 


1915] GATI: TELEGRAPHY AND TELEPHONY 2091 


ley. Heurtley’s relay was adopted by the Pacific Cable Board 
to magnify the signals on Fanning Island, especially those 
coming from Vancouver Island. These signals, owing to the 
great distances, are necessarily feeble, and the magnification 
of them by means of the Heurtley magnifier not only tends to 
accuracy of transmission, but sensibly increases the speed at 
which messages can be sent, by as much as 25 per cent. 
Heurtley’s instrument resembles an ordinary siphon-re- 
corder, but without the writing appliance and the paper band 
driver motor. The movements of the siphon recorder oil do 
not act upon the writing siphon, but upon a very light lever of 
glass, over which a bronze wire is stretched. The glass tube 
serves only for the stability of the bronze wire. Two very 
fine platinum wires are fixed at the end of the glass tube. In 
the normal position of the glass lever these fine wires are cooled 
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Fic. 14-—-TuHe ELEectTric SCHEME OF HEURTLEY’S MAGNIFIER 


by an air-current, which acts over their entire length. When 
we cool both of the fine wires equally, the resistances of these 
fine wires remain equal, and in the connected Wheatstone 
bridge diagonal, no current is generated. 

Fig. 14 shows the electric connections of the magnifier local 
circuits. 

If a signal arrives in Heurtley’s siphon apparatus, the glass 
tube will move; the point A, Fig. 4, will change its place, the 
fine wires escape the air current, because the cooling air is passed 
only through a narrow slit. The resistance of the wire changes; 
we get a current in the bridge diagonal and the local recorder 
begins to work. The cooling slits are arranged so that, for the 
movement of the point A in one direction, the one wire escapes 
from the cooling effect of the air, in another direction of move- 
ment, the second wire is better affected. We get the signals 
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according to the movement exerted by the arriving currents. 

Heurtley’s magnifier was tried at first on the Emden-Vigo 
cable; the relay increased the speed by 40 per cent. 

One of the most fertile inventors in the field of cable relays is 
Mr. S. G. Brown. He exhibited some relays at the Eighth 
Annual Exhibition of Apparatus of the Physical Society, held 
in December 1912.7 

Brown's relay tends to decrease the inertia of the ordinary 
siphon recorder. It is hard to build up the galvanometer coil 
and the siphon without a considerable inertia effect, which re- 
duces the speed of the deflections. Brown separates the re- 
corder coil from the inking siphon and constructs both as narrow 
and with as little inertia as is possible. The movement of the 
coil is transmitted by a silk fiber to’ the inker-siphon. Brown 


Fic. 15—Brown’s THERMOPILE CABLE RELAY 


perfected the manner of the inking also. His siphon does not . 
touch the paper even momentarily, but arrangements are pro- 
vided to squirt the ink in fine drops onto the paper. A vibrator 
is used for this purpose. When the instrument is adjusted to 
a natural frequency. of 10.5 seconds, with a 300-ohm 300-turn 
coil, a current of 50 microamperes gives a full-size Signal corres- 
ponding to a deflection of 0.1 inch (2.54 millimeters) on the paper. 
Trials with this instrument have shown an increase of speed of 
30 per cent on the largest Atlantic cables. 

Mr. Brown also invented another form of cable relay, which 
works with the aid of a movable thermopile. Fig. 15 shows 
the details. 


7. Some methods of magnifying feeble signalling currents. S. G. 
Brown. The Electrician, 1913, issue February 21st, pages 921-928. 
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The incoming current flows in the coil A and the deflection of 
the coil A is transmitted with the aid of the fine fiber E to F, on 
which the thermopile B is fixed. The thermopile is located 
between two flames C, C. The movements of the coil A bring 
the thermopile more or less under the heating effect of the flames; 
the thermopile generates currents, which act upon the local 
siphon-recorder. The thermopiles consist of alternate junctions 
of platinum and platinum plus 20 per cent iridium, wires of very 
fine diameter (25 micrometers) being used. Magnifying 27 
times is possible with this relay... Trials of this instrument on 
an Atlantic cable have shown an increase in speed of about 40 
per cent. 

A third form of Brown’s cable relay is constructed on me- 
chanical principles. The relay consists in principle of a rotating 
spindle around which are wound one or more turns of a flexible 
cord, the ends of this cord are connected to relays. The spindle 
is revolving in such a direction as to pull away from the magnified 
forces and towards the small forces that control the movement. 
The incoming current deflects the coil; the small force originated 
by this movement will be magnified by the rotating spindle and 
the tension on the other end of the flexible cord is increased. 
By using this rotating spindle and flexible cord arrangement, it 
is possible to work an ordinary siphon direct writer by a current 
of 10 microamperes. (The recorder requires normally about 3 
milliamperes.) 

There are other descriptions of cable relays, namely in various 
patents. I wanted to mention only those which were proved 
under ordinary traffic conditions. Wesee that the increase of the 
speed is not even 100 per cent. The inventors sought the solu- 
tion of the rapid cable telegraphy in another direction. 

It was Mr. Fr. Weinberg who proposed first, in a German elec- 
trotechnical periodical (Electrotechnische Zeitschrift, 1909, page 
160), the use of high-frequency current for submarine telephony. 
I have shown in the same periodical, that the high-frequency 
resistance of a submarine cable of today is so large for Wein- 
berg’s currents, (about 10+%° ohms), that only infinitely small 
currents arrive at the receiving end (10-% amperes). The 
proposition was not practicable. 

Mr. George O. Squier’, on the ground of actual experiments on 


8. Multiplex Telephony and Telegraphy by Means of Electric Waves 
Guided by Wires, George O. Squier. TRANSACTIONS of the American Insti- 
tute of Electrical Engineers, 1911, Vol. XXX. Part II, pages 1617-1664. 
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telephone cables, believed that with electric waves (high-fre- 
quency currents) long-distance telephony and a more rapid cable 
telegraphy and ocean telephony will be possible. According to 
Mr. Squier the ohmic resistance of the wire plays a comparatively 
unimportant part in the transmission. In the discussion of Mr. 
Squier’s paper (page 1677-1681 in the same volume of the TRANS- 
ACTIONS), I have shown the real effect of the ohmic resistance. 
Actual experiments on submarine cables were not made either 
by Mr. Fr. Weinberg, Mr. Squier, nor by Mr. Gustév Maior. 
The latter is a staunch advocate of the use of high-frequency 
currents for submarine and rapid telegraphy and ocean telephony 
purposes. 

To show the impossibility of the high-frequency current tele- 
graphy on the submarine cables of the present day, it is necessary 
to compute the actual resistances of these cables. If the at- 
tenuation is under 10, we can use Kennelly’s formulas?; the 
transient phenomena, as I have shown in Fig. 4, are not at all 
dominant. When the cable is long and the attenuation is over 
10, the transient phenomena begin to predominate, but in this 
case the arriving currents, according to Kennelly’s theory, are 
so small that telegraphy or telephony is impossible. 

The incoming current at the end of the cable is 


i EB 
Varr = ai (1) 


& is the electromotive force at the sending end of the cable. 
Z; = Zo sinh (L B) + Zrcosh (L B); (2) 


L is the length of the cable, Zr is the impedance of the receiver 
apparatus, Zo is the sending end impedance (wave-impedance). 


z=-rtilw 


Sn PEA 8) 


B=Vr+jlw) gtjcw) (4) 


where r is the effective resistance in ohms. 
lis the effective inductance in henrys. 
g is the reciprocal value of the insulation in 1 /ohms, 
c the effective capacity in farads, 
w= 2mXfrequency, j =V —1. 


9. The alternating-current theory of transmission speed over sub- 
marine cables, A. E. Kennelly. Transactions of the International Elec- 
trical Congress of St. Louis, 1904, Volume I. 
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For simplicity, we suppose Zr = 0; this makes the computae 
tions easier. The hyperbolic sine and cosine functions being, 
over a certain value, nearly equal, 


Z1 = (Zo + Zr) sinh (L B) (5) 


can also be written. 

Neglecting the value of Zr merely makes a certain percent- 
age correction necessary in each case; the) value of Zr is 
not important in the comparison of the cables themselves. 

The data of an old type ocean cable are: 


r = 0.9 ohm 

c¢ = 0.23X10- farad (0.23 microfarad) 
lL = 10+ henry 

@ = 10-  1vokm 


Computing for w = 5000, we get 
Zo = 25.79—j.15.16 
6B = (17.47 + 7 29.66) 10° 
and the total resistance is shown in Table II. 


TABLE II. 
The total resistance of an old type ocean cable at various lengths. 


The length of the cable The total resistance of the 
in kilometers cable in ohms. 
500 93,000 
640 1,000,000 = 1 X 10 + 
1000 578 X10 +8 
1500 3.61 X10 +2 
2000 0.022 X10 +18 
3000 0.86 X10 + 
4000 33 X10 +%° 


Applying at the sending end 100 volts and using recorders, which 
still work at 0.1 milliampere received current, the resistance at 
which this current comes in will still be 1,000,000 ohms. As 
we see, we can use this cable without improving it for merely 640 
kilometers distance; at this distance the value of 1,000,000 ohms 
is reached for the speed w = 5000. The increase of the re- 
etbL_¢@-BL 
2 


we can use only } et+®4, e—8¥ being negligibly small. The 
curve is pure logarithmical, appearing as a straight line drawn on 
semi-logarithmic paper. (Fig. 16). 

The old type cable does not permit the passage of any high- 
frequency currents at all. The fact is to be remembered, that 


sistance is very rapid; instead of sinh (8 L) = 
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g = 10-* is hardly obtainable for currents which have only tele- 
phone frequency, w = 5000 to 16,000; for frequencies used by 
Messrs. Weinberg, Squier and Maior, w = 2 m7 100,000 or higher, 
the total resistance will be very much higher. 
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FERENT CABLES; NAMELY, OLD TyPE CaBLE, MODERN KRARUP CABLE, 


IMPROVED CABLE WITH INDUCTIVE SHUNTS 


Choosing another modern cable, which is wound with iron 
spirally (Krarupized), we get the following data: 

y = 1.2 ohms 
1 = 3.6X10- henrys 
g = 4.37X10- mhos 
C 
w 


= ().310-> farads 
= 10,000, and so 
Zo = 331 —7 4.819 
B = (5.712 + 7 328.4) 103 
Table III shows the total resistances. 


TABLE III. 
The total resistance of a modern Krarupized ocean cable at various lengths. 


The length of the cable The total resistance of the 
in kilometers cable in ohms. 
1000 50,100 
1500 876,000 
1525 1,000,000 
2000 15,160,000 
3000 4,500,000,000 


4000 1.37 X 10+ 
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For 1,000,000 ohms we find the length of 1525 kilometers, 
which is not sufficient for rapid telegraphy on ocean cables. We 
must investigate how the attenuation can be decreased. 

Fig. 17 shows a cable element, which is designed for use in 
telephony. For telegraphing, the two r/2 and 1/2 values may be 
replaced by r and 1. 

The electrical coefficients which are connected in series, 
appear in the formula of 6 with direct values (r and J); the line 
coefficients, which are connected in shunt in the cables appear in 
the formula of 8 with inverse values. The insulation is a; its 


: : 1 ; : : 
inverse value is g = Set that is, for one megohm insulation, 
we write in the formula g = 10-* mho. The capacity-resistance 


nt ares ; : 
is wee its inverse value in the ous will bej we. 


Fic. 17—THE SCHEME oF A Nor- Fic. 18—THE SCHEME OF A CABLE 
MAL CABLE ELEMENT WITH INDUCTIVE SHUNT 


When we use an inductive shunt, the scheme of the cable 
element will change, as Fig. 18 shows. 

In formula (4) we must substitute for g +jwe 

0c = —— (6) 
oy Papel ( 

where R is the effective resistance of the shunted coil and L 
is its inductivity. Let us eliminate the imaginary quantity in 
the denominator, and we get! for 6 


B= Vo + jwl) [ (2+ geen) (we- zea) | 
(7) 


A ig tt i a a er 

10. L’améloriation des communications téléphoniques sous-marines 
au moyen des derivations inductives, Bela Gati. La Lumiere Electri- 
que, 1913, juillet 26. 
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It is possible to choose all the coefficients in such a manner 
that B may be a minimum. In this case the value of 8 depends 
only upon 7 and g, being 


B minimum = Vr g (8) 


For instance, choosing 
R = 0.0189 ohm 
L = 0.04348 henry, 


We get for an old type cable 
= 0.9 ohm 

= 10-* mho 

= 0.23 X 10- farad 
10+ henry 

= 0.001 


Computing with these values gives the results shownin Table IV. 


DWwmsnrer 
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TABLE IV. 
Total resistance of an old type cable with modern inductive shunts. 


Length of cable Total resistance of cable 

in kilometers in ohms. 
4,000 24,680 
5,000 67,800 
6,000 182,400 
7,000 493,000 
7,700 1,000,000 
8,000 1,340,000 
9,000 3,670,000 
10,000 9,961,000 


15,000 1,487,800,000 


We reach the limit of 1,000,000 ohms at 7700 kilometers of 
cable; that is, the question is settled for Atlantic ocean cables. 

Using a high voltage and some sensitive relay, we may deem 
the question solved for the Pacific ocean also. 

Of course it is another question how these coils could be ap- 
plied on cables already laid. The expectations from Pupin coils 
were abandoned; I shall explain the reason very briefly. We 
need for Pupinization of a submarine cable, coils with an induc- 
tivity of 0.2 henry per kilometer. Itisimpossible to apply Pupin 
coils every 2 to 4 kilometers; it would be very expensive. Using 
them at each 100 kilometer distance, one coil ought to have less 
than 18 ohms resistance and a self-induction of 20 henrys. 
This coil, if not in itself an impossibility, would have such dimen- 
sions as not to be applicable in submarine cables. 
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Using inductive shunted coils, as computed before with 
R = 18.9 XK 10-3 ohm 
L = 43.48 X 10- henry, 
the coil in each 100 kilometersmust have only one hundredth 
part of this value (the coils being connected in parallel), and 
so the actual coil has the dimensions at each 100 kilometers 
R. =.0.189 XK 10 ohm 
L = 0.4348 X 10 henry 


10 Milliamperes 
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Fic. 20—-THE TRANSFORMATION OF ALTERNATING-CURRENT SIGNALS 
(0.1 MILLIAMPERE) TO DrRECT-CURRENT IMPULSES, (10 MILLIAMPERES) 
600 L -—- - PER MINUTE 


In reality the shunted coil will have 100 X 100 = 10,000 
times less inductivity than Pupin coils, applying them at each 
100 kilometers. Pupin coils shorten the wave length; shunted 
coils lengthen the wave-length of the alternating current, but 
the explanation of this would need a more detailed mathemati- 
cal solution. 

We have seen from Fig. 16 that old type telegraph cable 


10 Milliamperes 


0.1 Milliamperes 


1500~ 1' 16002 
Fic. 21—Tur TRANSFORMATION OF ALTERNATING-CURRENT SIGNALS 
(0.1 MILLIAMPERE) TO DIRECT-CURRENT IMPULSES, (10 MILLIAMPERES) 
1600 L .—.. PER MINUTE 


fitted with inductive shunts could be used for transmitting 
alternating-current impulses. Our type-printers and all wri- 
ting apparatus work with direct current; it is necessary to trans- 
form the arriving alternating-current signals ‘to direct-current 
impulses. Fig. 19 shows how the Brown telephone relay 
could be transformed for these purposes. Figs. 20 and 21 
show what can be done with alternating-current signals. 

The Baudot, Murray, Morkrum and Siemens-Halske printers 
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work with direct-current impulses, and with aid of the described 
relay they can be used for alternating-current rapid telegraphy 
also. With this the question of rapid cable telegraphy is set- 
tled; of course, the construction of the shunted coils and their 
application in the already laid cables needs yet further inves- 
tigations and practical researches. I do not speak of the 
multiplex cable telegraphy; this is solved for alternating-cur- 
rent telegraphy also, namely, the Mercadies-Magunna system, 
which was tested for land lines only. 

The high-frequency current cable telegraphy with aid of 
inductive shunts has so many features in common with the 
ocean telephony, that we can treat at once the question of the 
ocean telephony too. There are two distinct features, which 
differ in the ocean telephony from the rapid cable telegraphy. 
In the cable telegraphy we need a minimum attenuation only 
for one separate frequency; in telephony we need the minimum 
for all frequencies of the human speech, at least between 100 
and 1000, ultimately up to 2000. The voltage of the out- 
going telephone current in commercial discourses is about 
1 volt; the incoming current at the distant end is 0.1 milli- 
ampere; sometimes only 0.05 milliampere (100 to 50 micro- 
amperes). Hence the total resistance of the cable at ordinary 
microphones and telephone-receivers can not be higher than 
10,000 to 20,000 ohms. We had as the limit in the rapid cable 
telegraphy 1,000,000 ohms. 

We see from Tables II, III and IV, and from Fig. 16, that old 
type cables can not be used for telephony even to 500-kilo- 
meter distances; the continuously loaded cable would be good 
for 600 to 700 kilometers (continue the straight line down- 
wards in Fig. 16). Only the shunted coil cable is suitable 
for ocean telephony, its resistance being only 24,680 ohms at 
4000 kilometers. The length of the South American and African 
connecting cable is less than 4000 kilometers and so on these 
cables ocean telephony is already possible; naturally only with 
the aid of the one frequency system. 

Professor Silvanus P. Thompson, 22 years ago, delivered at 
the Chicago Worlds’ Fair his lecture, stating the possibility 
of the ocean teléphony with the aid of shunted coils. He 
failed in the dimensions of his coils, believing the coils must 
possess a large resistance, so as not to cause considerable leak- 
ance. 

The shunted-coil cables keep their minimal resistance for 
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Fic. 19—TuHrE Brown TELEPHONE RELAY Fic. 24—S. G. BRown TEL- 
USED AS TRANSFORMER OF ALTERNATING- EPHONE RELAY 
CURRENT SIGNALS TO DIRECT-CURRENT 
IMPULSES 
Strong Current Microphone O-dinary Microphone 


404 Km. 


922 Km. 


M, 


2110 Km. 1592 Km. 1188 K 


2514 Km. 


{[catr] 
Fic. 22—THE OvuTGOING AND RECEIVED TELEPHONE CURRENT AT 
Various DiIsTANCES, USING A STRONG CURRENT MICROPHONE AND AN 
ORDINARY MICROPHONE 
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one frequency only, although there are now in preparation 
coils which work equally for all telephone frequencies; the at- 
tenuation of the cable remaining about the same for the diverse 
frequencies of the human speech. 

Employing the high-frequency telephony system of George 
O. Squier on the South American and African cables, we are 
in need to increase the distance of commercial speech for aerial 
lines and for other cables too. This can be done by various 
means, which are briefly enumerated in the following: } 

1. We employ a higher voltage for the outgoing current; 
and the use of strong-current microphones. 

2. We use more sensitive telephone receivers, which transmit 
the human speech more distinctly than before. The arriving 
current can be less, and so the whole resistance of the line 
greater, and the speaking distance can be increased. 

3. We lessen the whole resistance of the line, for instance, 
using one-wire telephony for long distances, or Krarup Pupin 
methods, inductive shunted coils. 

4. We employ telephone relays, for strengthening the re- 
ceived currents. 


STRONG CURRENT MICROPHONES 

By using a higher voltage in the ordinary microphones, the 
speech causes greater variations in the current strength of the 
microphone circuit; our outgoing telephone current will have 
30 to 40 volts tension instead of one volt as with the ordinary 
microphone. In such a manner the expression of Zo sinh (L B) 
can be increased, and still we get the received current strong 
enough for commercial purposes. 

Fig. 22 illustrates the effect of the strong current micro- 
phone compared with an ordinary microphone at various dis- 
tances. Table V gives the results. 

The microphone tested was constructed by the author; it 
had a water-cooling device. The strong current microphone 
could not come in general use; only in Sweden are the Egnér- 
Holmstrom microphones commonly used. They can be used 
only in those countries where the insulation of the long-dis- 
tance lines is well maintained, and the public is more accustomed 
to the separation of the speaking from the listening position. 

Because the tension of the outgoing current is greater, the 
insulation of the line is decreased. Using 10 times greater 
voltage, the insulation is decreased about 50 per cent. In the 
formula of the minimum attenuation, B = V gr. 
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g is increased by this and so 6 is increased also. We have 
with strong current microphones on poorly insulated lines a 
worse effect than with an ordinary microphone. 

The outgoing current is strong; we cannot keep the receiver 
to the ear for the outgoing current. We must change the 
speaking and listening positions. This is not possible in every 
country, because the change requires a specially intelligent sub- 
scriber. The method is used in the Scandinavian countries, 
where the Egnér-Holmstr6m microphones attained a better 
result. 


TABLE V. 
Strong current The re | Ordinary microphone 
microphone ceived cur- 
Distance rent in = |>—+————————————_ | Remarks 
in kilometers | Outgoing | Received percentage| Outgoing Received 
a of the 
current in ‘| outgoing. current in micro- 
microamperes amperes 
ile 404 16,625 | 2363.8 14.22 6125 948) 18 ha.cable 
iA 
ZR 922 17,500 1484 8.48 7000 296.8 rehle z a= 
3. 1188 15,750 720.8 4.57 5250 190.8 ged 7 8 
4. 1592 - 18,025 265 1.47 7000 127.2 |16* 3 3 4 
5. 2110 16,625 159 0.956 7000 0 ye 4 cs} 
6. 2514 21,875 50 0.23 4375 0 ey us| g £ 
Ess 


SENSITIVE TELEPHONE RECEIVERS 

We have seen from formula (2), that the effective resistance 
of the receiver also plays a role, especially for long distances. 
In this respect very little has been done. Using one receiver 
(American method) instead of the two (European custom), we 
can gain sometimes 500 kilometers distance in long-distance 
speech. 

The sensitiveness of the receiver can be raised considerably, 
but nothing has been done in this direction. The researches 
need a well equipped laboratory and long live lines. The 
question could be settled only by organized research of an in- 
ternational institution. 


IMPROVEMENT OF THE LiNE 


The best results in telephone transmission have been ob- 
tained in the past decade by loading. We employ the con- 
tinuously loaded lines (Krarup system) and the loading with 
inductive coils at given distances (Pupin system). The 
shunted coils are not yet used on continental lines or cables. 
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The Krarupization seems to be better on very short cables 
and on very long ones, because it is difficult to distribute the 
Pupin coils on short distances. 

The formula 7:1 = g: ¢ gives the minimal attentuation of 
B (B= Vrg). We use for long-distance telephony such lines 
in which 7 is already a small quantity; we do not need a strong 
increase of the inductivity of the line. The Krarup cable in- 
creases moderately the inductivity and so it is sufficient in this 
case. The Pupin coils have today 5 to 15 ohms effective re- 
sistance, thus they can not be used for lines with a small re- 
sistance, for instance, copper wires of five millimeters diameter. 
Certainly the Pupin coil can still be improved considerably. 

By reducing the resistance r of the line by connecting two- 
two wires in parallel, we obtain a very good result. The so- 
called phantom circuit of the New York-Denver line, which is 
up to date the longest telephone circuit, was constructed in 
this manner. Fig. 23 illus- 
trates the Pupinizing method 
of this four-wire circuit". 
To avoid confusion the wind- 
ings for but one side of the 
phantom are shown. 


Fig. 23—DIAGRAM OF WINDING Table VI shows the differ- 
OF LOADING CoIL FoR USEONPHAN- ent line-coefficients at various 
pope GER Uris diameters of the wires of 


telephone circuits and the total resistance of the telephone 
circuits. 

The complex quantities are given in their two forms (polar 
and rectangular coordinates.) The Heaviside formula for the wire 


ty ea 10% 
of five millimeters diameter is ( 1.56x10— 10.47 X a) 


instead of the equality. Increasing the insulation from 10~° 
to 10-7 (diminishing the leakage,) the formula r/] = g/c holds 
good and we can get the minimum attenuation without load- 
ing or with a minimal loading, which may be installed cheaply. 
One of the best methods of amending the insulation is the use 
of one simple wire. The 50 per cent of the leakance places 
and leakages are avoided. I experimented with one-wire 
long-distance telephony on telegraph lines; the disturbing ef- 


11. The Commercial Loading of Telephone Circuits in the Bell System, 
Bancroft Gherardi. Transactions of the American Institute of Elec- 
trical Engineers, 1911, Vol. XXX, Part III, pages 1743-1764. 
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fects of the earth currents are very simply and easily sur- 
mountable. Mr. Devaux-Charbonnel proposed first in the 
literaturel? the one-wire telephony for submarine cables. We 
have seen that the problem of submarine (ocean) telephony 
is only possible with the one-wire cable system. Devaux- 
Charbonnel did not propose the one-wire system for land-line 
telephony. It is not profitable for common use. We can not 
permit other conductors in the neighborhood of the wire. 
We can not use our transcontinental telephone wire mounted 


TABLE VI—VALUES OF THE TELEPHONE-LINE COEFFICIENTS AND THE 
TOTAL RESISTANCE OF THE LINE. 


Diameter of wire... 3. 4, _ 4.5 5. 
yr resistance....... 5. 248 2.21 aN 
linductivity...... 1.49-103 1.43-103 1.58-103 1.56-10-6 
¢ capacity........ 11.00-10- 12.00-10-° 10.27-10-° 10.77-10-9 
gleakance per kilo- 

Meter erer he 10-6 10-6 10-6 10-6 


Zo'wave resistance!377.912 (— 18°|348.459 ( — 5°17’|394.11 ( — 3° 41/|387.13 (— 2° 49” 
1/.43) 359 .389 —|.85) 346.98— 4 |.57) 393.29—j 25].66) 386.65 —7 19 
7 116.93 32.175 379 it 

a attenuation......|41.58°10-3 (80°27’|41.8169-10-% (84°|40.748:10-8(85° |40.533-10-8 (86° 
.67) 68.90 49-10-4]13’.09) 42.126: |43’.76) 30.143: |36’.46) 16.918: 
+ j 410.018:10-4,L0-4+ jf 416.06:/10-4 + 7 403.66: |10-4 + 7 404.99- 


10-4 10-4 10-4 
Distance Total resistance of the line in ohms. 
kilometers 
3 ¢ 4¢ 4.5 ¢ 5¢ 
1000 185.720 (—9° 7’.]11.768 (+ 40°31//4,009.10(—31°30’]1,024.03 (—24° 
44) .01) .12) 00’.35) 
2000 182,160,009.504 |801,390 (— 81°/81, 801.47 (—58° 
(+ 0° 13/.47)  |297.86) 53/.55) 
300 > 1,665,351.216 11, 377.70(— 62° 
(— 86° 5’. 53) 32’.61) 


on the same poles as our other telephone circuits. The inductive 
effects affect the resistance of the wire. Currents are induced 
in the neighboring wires which dissipate the energy; it seems 
ultimately, as if the resistance of the one single wire would be 
doubled or tripled. Two-wire circuits do not possess this 
peculiarity, being free from outside induction. 

The one single wire has only half the resistance of the double 
wire circuits, but the change of the inductivity and capacity 


12. Télégraphie et Telephonie. Devaux-Charbonnel. La Lumiére 
Electrique, 1913, No. 6, pages 164—168, 
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counteracts this effect, the inductivity decreases and so it is 
again suitable for loading; the capacity increases, which makes 
some loading desirable again. When the capacity is balanced 
in the sense of the Heaviside formula, the attenuation of the 
single wire circuit is only half of that of the double wire circuit, 
using the same diameter of the wire. 

For the balanced five-millimeter double wire, (r = 1.7, 
g = 10) circuit B would be V1.7 X 10-° = 1.30 X 10-3 
= 13 X 10 instead of 16.91 (Table VI) at the unloaded circuit. 
Loading the five-millimeter diameter single-wire circuit, we 
could obtain an attenuation 
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The length of a 10,000-kilometer wire multiplied by this at- 
tenuation would give BL = 6.5. BL = 4 is the commercial 
limit of today of the telephone discourse; we reach this limit 
at 6100 kilometers. 

Of course, it is not permissible to carry conductors in the 
neighborhood of the Big Creek 150,000-volt transmission line, 
or other disturbing circuits. The future transcontinental tele- 
phone must be free from these disturbances. The insulation 
must be well maintained; we have much to do in this respect, 
because, strange to say, no telephone lines are measured with 
telephone frequency currents, least of all the insulation. 

It is very difficult, if not impossible today, to get a circuit 
over 2000 kilometers, without insulation faults. Measuring 
the transcontinental lines daily and with the telephone cur- 
rents, we shall be able to maintain the proper insulation after 
we have thrown out the existing latent faults, which are very 
numerous. We need, for long-distance international telephony, 
a much better organized service and better methods than are 
customary today. 

TELEPHONE RELAYS 

The considerable strength of the disturbing currents hinders 
the use at present of telephone relays. I have found that the 
disturbing effects over 1000 kilometers have already a greater 
intensity than the incoming current itself. By relaying these 
currents, the disturbing currents will become magnified and 
finally totally obliterate the speech currents. 
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Considering the problem from this point of view, I will dis- 
cuss only briefly the relays which might be successful in the 
future, especially on one-wire transcontinental telephony free 
from disturbances. 

S. G. Brown’s telephone relay is shown in Fig. 24. 

Brown uses a granular carbon microphone in a sealed capsule 
and connects this with the tongue of a very sensitive magnetic 
relay. 

Telephone-receiver microphone relays were tried by many 
inventors, but without success. Mr. Brown worked out the 
principle very carefully and gained a good result. Mr. Brown 
has another system of high-frequency current relay, where the 
air-gap resistance between osmium and iridium surfaces is 
changed by the vibratory movementsiof a very fine relay tongue, 
the vibrations being caused by the high-frequency currents. 
The relays are not in use on commercial circuits. 

To avoid the inertia of the magnetic relay, inventors have 
tried to use the cathode ray action. Lieben constructed the 
first cathode ray relay; later he and his collaborator Reis relin- 
quished the pure cathodic ray action principle and formed the 
electron-relay. Lee de Forest patented his audion also. Both the 
Lieben-Reis relay and Lee de Forest audion work on the electron 
principle. The cathode (covered eventually with Wehnelt’s 
alkali-earth metal salts) is heated by an electrical current; a 
metallic obstacle is placed in the way of the electrons which are 
thrown out from the cathode: (the bored-out plate of the Lieben- 
Reis construction, and the grid in de Forest’s audion.) When 
we have no potential on the plate or on the grid, the flow of the 
electrons is not changed. But it is possible to arrange the 
conditions in such a manner, that a minute change of the poten- 
tial causes a considerable increase of the electron current. Mag- 
nification of from 20 to 30 times can be produced in this way. 
Because there is no inertia present, and no movement of relay 
tongues or anything similar, the speech is not distorted. 

Their present application is very uncommon. It is quite cer- 
tain, that under favorable conditions of the telephone circuits a 
considerable distance can be reached; however, we need to insert 
the relay before reaching 1000 kilometers, and so for trans- 
continental speech more relays (three to four) are necessary. 

Telephone-relays will play an important role in the future of 
transcontinental and ocean telephony. We need today better 
circuits and fewer disturbing effects, which can be obtained only 
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through a careful investigation and research organization. 
Because these electron relays are not in common use yet, I will 
not go into details. . 

I have explained in this paper the present situation and the 
hopes of the rapid cable telegraphy, and of the ocean and trans- 
continental telephony, and I presume that the prediction made 
in Professor Silvanus P. Thompson’s lecture in 1893 will soon 
become a reality, and thus the telephone communications across 
the Atlantic and the continents will be able to aid future gener- 
ations in avoiding misunderstandings. 
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DiscussION ON ‘“‘SUBMARINE CABLE RAPID TELEGRAPHY; OCEAN 
AND INTERCONTINENTAL. TELEPHONY’ (BELA GatTtI), 
SAN FRANCISCO, CAL. SEPt.- 17. 51915, 


Otto B. Blackwell (communicated after adjournment): 
Without attempting a complete criticism of Mr. Gati’s paper, 
I wish to comment on certain statements made in it, particularly 
those regarding telephony. 

“Only the shunted coil cable is suitable for ocean telephony 
its resistance being only 24,680 ohms at 4000 kilometers. The 
length of the South American and African connecting cable is 
less than 4000 kilometers, and so, on these cables ocean telephony 
is already possible; naturally only with the aid of the one fre- 
quency system.” 

This interesting conclusion is drawn from Table IV. Let us 
consider the assumptions on which this table is based. We find 
first, that the leakage is taken at one micromho and the capacity 
at 0.23 microfarad per kilometer. This gives a ratio g/c = 4.35. 
For a frequency. of 1600 cycles, for which the table is computed, 
this is considerably better than would be realized in the best 
standard types of telephone cable insulated with a loose wrapping 
of very dry paper. I have seen no figures given on dielectrics 
for submarine use which approach this figure. It is moreover, 
inconsistent with the value assumed for comparison in computing 
Table III for Krarup cable. 

We find next that the shunt coils are assumed to have per 
kilometer an inductance of 0.04848 henry with a resistance of 
0.0189 ohm. This gives a ratio of R/L = 0.435. A coil having a 
ratio of R/L = 45 at 1600 cycles is considered a good coil for 
land lines While the shunt coils could economically be much 
more expensive than the coils for land lines in view of the value 
of the cable and the infrequent spacing, they would be subject to 
severe mechanical limitations as they would need to be suitable 
for deep sea use. We must, therefore, consider the coil efficiency 
assumed as entirely unreasonable. 

Considering next the formula used, it should be noted that 
equation (8) does not take account of the loss in the loading 
coils. For a reasonable assumption as to coil efficiency, this 
becomes very important. 

To indicate the effect that these changes in assumptions 
and formula would have, I have had computed the attenuation 
constant and “‘totalresistanceofcablein ohms” for 4000 kilometers 
assuming the cable to have the same capacity and resistance as 
used in computing Table IV but assuming a ratio: of g/e = 14.5 
which is that assumed by Mr. Gati for the Krarup cable (this 
however being better than realized in practise), and a ratio of 
R/L of 45. On this basis B = 0.0035 + 70.0039 and the 
“total resistance of cable’ for 4000 kilometers is 154,000,000. 
This latter figure is to be compared to the value of 24,680 com- 
puted in Table IV for the same distance. 
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Assuming, however, for argument that it were possible to 
realize a cable having at the assumed frequency the constants 
stated in the paper, there is still the difficulty that the frequency 
assumed is only about 1600 cycles. As noted in the paper the 
carrier frequencies suggested for this purpose by Squier and 
others are very much higher than this value and would be sub- 
ject to very much larger dielectric and coil losses and, therefore 
to very much larger attenuations. 

In addition, but apart from the above, there still remains 
a controlling reason why a shunt loaded cable of this type would 
not be effective for long distance telephony. The paper states 
the cable would be used ‘naturally only with the aid of the one 
frequency system.’”’ A carrier current modulated in amplitude 
in accordance with the variations in a telephone current, is how- 
ever, not a single frequency system at all. It involves a satis- 
factory transmission of a range of frequencies, of the same order 
of magnitude as is involved in the ordinary telephone transmis- 
sion, 2.e., about 2000 cycles or more. We must, therefore, 
either for carrier currents or without them consider the atten- 
uation of the cable not at one frequency but at a range of fre- 
quencies. It is exactly in connection with this matter of a range 
of frequencies that shunt loading is inefficient. For example, 
taking the assumptions of the paper for the shunt loaded cable 
as used in computing Table IV. we find at 1600 cycles an atten- 
uation constant of about 0.0011 and at one-half this frequency 
or 800 cycles an attenuation constant of about 0.05; that is, 
the attenuation at 800 cycles is over 40 times as large as at 1600 
cycles. 

We must conclude, therefore, that South America and Africa 
are still considerably farther apart telephonically as far as cable 
circuits are concerned than Mr. Gati’s computations led him 
to believe. 

The above discussion, except for the last factor mentioned 
(frequency range) applies also, of course, to the conclusions 
drawn as to the use of the shunt loading for ocean telegraphy. 

Without entering into a detailed discussion of the character- 
istics of shunt versus series loading, the following facts will give 
a general idea of their relative characteristics. 

1. For currents of a given single frequency, the reduction in 
transmission losses which can be obtained by loading a circuit 
with coils of a given efficiency is the same, whether the loading 
be series loading, shunt loading, or a combination of the two. 
The efficiency of a coil for this purpose is measured by the ratio 
of its effective inductance to its effective resistance. 

2. For telephony, series loading has a controlling advantage 
over shunt loading, in that it provides a circuit having transmis- 
sion losses which are approximately the same over a wide range 
of frequencies. This range of frequencies can readily be made 
broad enough to include all frequencies important in telephone 
transmission. The effect of shunt loading varies greatly with 

the frequency, making it undesirable for telephone use. 
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3. For single-frequency currents, shunt loading has the advan- 
tage, under some conditions, of permitting a greater distance 
between loading coils than with series loading. For this reason 
it might be preferable in cases in which it was desired to trans- 
mit a single frequency only. 

In the last part of his paper, the author discusses the question 
of increasing the range of telephone transmission on land. In 
this connection, it should be appreciated that the commercial 
application of any particular means for increasing the range of 
telephone transmission involves a great many difficulties to ke 
overcome, asidefrom those involved in the particular means itself. 
These difficulties arise from the complicated nature of the service 
given by a commercial telephone system. For example, an in- 
crease in the output of the transmitter or in the efficiency of the 
receiver increases the magnitude of the interference effects 
between different telephone circuits which, from the nature of the 
telephone system, must be in very close physical relation to 
each other. Because of the high frequency of the telephone 
currents, the tendency for such inductive effects between the 
telephone circuits is large. In addition, an increase in the effi- 
ciency of receiving apparatus tends to increase the volume of 
sound produced by the inductive effects of power circuits and 
other sources of inductive effects to which the telephone circuits 
are exposed. Moreover, changes which affect the telephone toll 
lines can be made only after a consideration of their effect on 
the superposition of the telephone and telegraph circuits on the 
same wires, necessary in order to obtain an economical use of 
the conductors. These remarks are made to emphasize the fact 
that extending the range of telephone service, or any other im- 
provement of telephone service on a commercial system, cannot 
be brought about by a single change in circuits or apparatus, 
but necessitates the application of many modifications in differ- 
ent elements of the system and the consideration of the ways in 
which these changes react upon each other and upon the system 
as a whole. 

In his discussion of means for increasing the range of trans- 
mission over land, the author brings forward the proposition 
of using single-wire circuits with ground return, pointing out, 
however, certain disadvantages. Under the conditions in this 
country, single-wire circuits cannot, of course, be seriously con- 
sidered for toll lines, considering the large number of power 
circuits and other sources of induction to which the telephone lines 
are exposed and considering the large number of telephone circuits 
which must be run on a single lead. In this connection, however, 
the paper appears to make the mistake of supposing that with a 
single line and ground return the leakage will be less since “‘the 
50 per cent of the leakance places and leakages are avoided.” 
It is evident, however, that the single wire with ground return 
has more leakage than a two-wire circuit since in the two-wire, at 
any crossarm, the leakages of the two insulators are in series, 
not in parallel, as far as the telephone circuit is concerned. 
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I note a number of mistakes in computation in the tables. 
With the assumption made in the paper for a Krarup cable we 


obtain a value of Z) = 109 /0°55’ instead of the value given. 
This reduces all the values in Table III by about a factor 3. 
It is not evident for what conditions the assumptions as to / and 
c in Table VI are made; they appear to vary inconsistently 
with size of wire. Also, the angle of Z) for the 5-ohm wire and 
the real component of @ for the 1.7-ohm wire appear to be in 
error. 
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Discussion ON ‘‘ REPORT BY THE JOINT COMMITTEE ON IN- 
DUCTIVE INTERFERENCE,” SAN FRANCISCO, CAL., SEPT. 17, 
1915. 


PROGRESS OF THE INVESTIGATION OF INDUCTIVE INTERFERENCE 
BY THE JOINT COMMITTEE ON INDUCTIVE INTERFERENCE 


Since the presentation of our report at the Spokane conven- 
tion a year ago, the principal experimental work has been con- 
ducted at San Fernando, about twenty miles north of Los 
Angeles. Here the committee had completely at its disposal, 
for several months, a thirty-seven mile power circuit and private 
telephone circuit of the Pacific Light and Power Corporation, 
also several banks of transformers, loaned by the same corpora- 
tion. These facilities, in addition to the regular equipment of 
instrument transformers and portable field laboratory, made it 
possible to conduct extensive tests along various lines. The 
chief points investigated will be briefly mentioned. 

The unbalances to ground of a power circuit isolated from ground. 
This study was undertaken with reference to the residual voltage 
caused by such unbalances and the effectiveness of transposi- 
tions as a means of balancing the system. The conductors of 
the circuit used for the experiments are spaced five feet apart 
in a vertical plane. Tests were made under three conditions 
of the power circuit as regards transpositions; first, no trans- 
positions; second, two transpositions dividing the line into three 
equal sections, or one barrel; and third, five transpositions divid- 
ing the line into six equal sections, or two barrels. Under each 
condition, tests were made consisting, in part, of residual voltage 
measurements with the line energized at approximately 28 kv. 
between wires, by a bank of transformers isolated from ground; 
and, in part, of measurements of capacitance and conductance 
unbalances to ground of pairs of conductors at frequencies 
ranging up to about 1000 cycles per sec. The influences of 
connected apparatus and of leakage under wet weather condi- 
tions were considered. As might be expected, the results of the 
residual voltage measurements at the fundamental frequency 
(50 cycles) showed no difference in the effectiveness of two over 
one barrel for this length of line. .In the absence of a source of 
three-phase energy for frequencies ranging from 200 to 1200 
cycles it was necessary to resort to an indirect means of deter- 
mining the residual voltage at these frequencies. Measurements 
of the unbalances between pairs of conductors, supplemented 
by measurements of the total admittance to ground of different 
combinations of conductors, afford means of computing the 
residual voltage. The results of these tests at high frequencies 
showed a marked difference in the effectiveness of the one and 
two barrel systems; two barrels being, of course, better than one 
with the advantage increasing at the higher frequencies. It is 
interesting to note in this connection that the non-transposed 
condition of the line gave better balance at the highest fre- 
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quencies than at the lowest. A point was reached when the 
gradual decrease of the unbalance with no transpositions and the 
rapid increase of unbalancé with a single barrel resulted in a 
worse unbalance for the single barrel than for no transpositions. 
The question naturally arises in the minds of some, as to the 
reason for tests at such high frequencies where the fundamental 
operating frequency is only 50 or 60 cycles per sec. It has been 
repeatedly stated and shown that the harmonics rather than 
the fundamental frequency- components are the basic. cause of 
disturbances in parallel telephone circuits. The practical goal 
of all this work is the determination of reasonable requirements 
of transpositions in power circuits isolated from ground as a 
means of obtaining effective electrostatic balance and thereby 
preventing harmful residual voltage. 

Parallel with the experimental work, a theoretical study of the 
unbalances characteristic of different circuit configurations was 
carried out. Consideration was also given to the equivalent 
unbalances of a line at high frequencies. 

The relationship of triple harmonic residuals to the magnetic 
density in grounded star connected transformers. This study 
included tests with both delta-star and star-star connected 
transformers. Since the reaction of the line is a factor in deter- 
mining the residuals introduced by a given bank of transformers 
the investigation included tests of the influence of different line 
conditions. 

The magnitude of triple harmonic residuals as affected by trans- 
former connections. The comparisons were made at approxi- 
mately constant magnetic density. The connections considered 
included star-star, delta-star, delta-interconnected-star, star- 
interconnected-star, and the effect of an auxiliary bank of delta- 
star or delta-interconnected-star transformers so connected as to 
act as a shunt to the line for the triple harmonic residuals intro- 
duced by the main transformers. E 

Induction between the power and telephone circuits. The close 
and uniform association of the two circuits, the two being carried 
on the same poles, afforded an unusual opportunity for an experi- 
mental determination of the coefficients of induction and a 
comparison with computed results, and for testing the effective- 
ness of transpositions in both the power and telephone circuits 
as means of reducing inductive interference. 

Tests of induction at the fundamental operating frequency 
of the system were made by energizing the power circuit through 
transformers under. conditions favoring in turn the predominant 
effect of: (a) balanced voltages, (b) balanced currents, (c) re- 
sidual voltages, and (d) residual currents. The corresponding 
induction in the telephone circuit was measured simultaneously 
with the current and voltages of the power circuit. As the 
induction from. the balanced components of voltage and current. 
is dependent upon. the transpositions in the power circuit, these 
tests were carried.out under the three previously mentioned. 
conditions of power circuit as regards transpositions. 
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The effectiveness of transpositions in the telephone circuit as 
a means of reducing induction arising from the several compon- 
ents of power circuit voltages and currents, was tested on a short 
section of the line which contained no power circuit transposi- ’ 
tions. 

In-a short section of the “ parallel,’ with both power and tele- 
phone circuits non-transposed, an extensive series of measure- 
ments of induction was made using many combinations of con- 
ductors and methods of energizing the power conductors. The 
effects of shielding were studied to a limited extent. 

With a single-phase source of energy at high frequencies 
(Vreeland sine wave oscillator) measurements were made of the 
coefficients of induction corresponding to harmonic residuals of 
high frequencies, and the effect of telephone transpositions, as a 
means of minimizing induction from such sources, was studied. 
The lack of a three-phase source of energy at high frequencies 
prevented the doing of any experimental work to determine the 
effectiveness of power circuit barrels of different lengths on the 
induction from the higher harmonics of balanced currents and 
voltages, 

The computed coefficients of induction were in very close 
agreement with those experimentally determined. As a basis for 
the computations of induction from residual current it was 
necessary to determine experimentally the depth of the equiva- 
lent locus of earthcurrents. In general, the study of induction 
and of the effectiveness of power and telephone circuit trans- 
positions, while not being as complete as might be desired, owing 
to the lack of some apparatus and the fact that only one tele- 
phone circuit was considered, has given results of considerable 
value. 

The effect of a ground on one phase of a normally isolated 
system in producing abnormal residual voltages and currents 
was studied both experimentally and theoretically with close 
agreement in the results. Under the abnormal conditions of a 
ground on a power circuit it is, of course, the resulting residual 
currents and voltages which cause the greatest damage to parallel 
communication circuits. 

Observations of the residuals of the 15-kv. network (Pacific 
Light and Power Corporation) which supplied the committee’s 
temporary substation and field laboratory, were studied under 
two conditions of operation of the power system. 

In addition to the San Fernando work there has been some 
work done on a study of the residuals under operating conditions 
at several points on grounded neutral networks. The object of 
these tests was to obtain information as to the magnitude of 
residuals to be expected under different typical. conditions of 
operation so as to afford a basis for future recommendations as 
to the limitations of residuals of this type of system. 

During the past year a considerable amount of work has been 
done on several problems by the telephone companies at the 
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request of the joint committee. The American Telephone and 
Telegraph Company has conducted extensive tests to determine 
the detrimental effect, on the intelligibility of conversation, of 
extraneous currents of different frequencies in a telephone re- 
ceiver. A report of the results obtained for single frequencies 
has been submitted to the committee and work is now under way 
with reference to the effect of multiple-frequency currents of 
different combinations. The important bearing of this work was 
indicated in the discussion submitted by this committee, at the 
Deer Park convention, on the subject of irregular wave-forms. 

Subsequent to the issuance of our report last year, the matter 
of the redesign of its standard telephone transposition system 
was undertaken by the American Telephone and Telegraph Com- 
pany, in order to facilitate compliance with the committee’s 
recommendations in regard to transpositions within the limits 
of parallels. The present standard system of telephone trans- 
positions affords very limited opportunities for coordination with 
power circuit barrels of different lengths, to make the power and 
telephone circuits mutually non-inductive. For this reason, 
the redesign of the telephone transposition system to permit of 
more flexible arrangements in combination with power circuit 
barrels was made necessary. This modification of the telephone 
transposition system applies both to the standard sections and 
to the short length sections. A large amount of work is involved 
which has not as yet been entirely completed. 

At the request of the joint committee, the Pacific Telephone 
and Telegraph Company has submitted a report dealing with the 
development of balance of telephone circuits. This report is the 
result of an investigation of the methods and measures employed 
by the telephone companies to obtain good electrical balance 
of their circuits and to protect them against inductive interference 
from other telephone circuits (cross-talk) and from foreign 
sources. The report considers the subject from the conditions 
presented by the earliest experience of the telephone companies 
to those of the present day. This report was desired as a basis 
for the consideration of the subject by the committee. 

The committee has recently been giving careful attention to 
the matter of future work. There appears to be no good reason 
for deviation at this time from the general program as laid down 
in the committee’s report published last year. It is expected, 
therefore, that the future work will continue, as has the work 
during the past year, along the general lines suggested by that 
program. The detailed plans for the conduct of this work have, 
however, been the subject of much discussion. The facility with 
which the work at San Fernando could be carried out with both 
power and telephone lines completely at the disposal of the 
committee at all times, suggested the possibility of test lines 
constructed primarily for experimental purposes. Were neces- 
sary funds available, tests of great value could be of course carried 
out under such conditions. After carefully weighing all ques- 
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tions involved, it was decided that the information desired could 
be obtained most advantageously by a study carried out under 
practical conditions. In any event the committee could not, in 
justice to itself, properly call its work complete without actually 
applying in several cases the remedial measures which it proposes 
and noting the difficulties and limitations imposed by practical 
conditions. 

The problem offered by any case of parallelism between power 
and communication circuits is capable of subdivision into two 
main parts. These are, first, the matters of line configuration 
and coordinated transposition systems to render the power and 
communication circuits as nearly as practicable mutually non- 
inductive, and second, the control of residuals and _ their restric- 
tion to frequencies and magnitudes which do not cause material 
interference either to grounded telegraph circuits or to properly 
transposed and balanced metallic telephone circuits. Normal 
operating conditions on the power system are assumed. 

With reference to the first subdivision, the problem is identical 
for both the isolated and the grounded neutral types of power 
system. The second, control of residuals, differs entirely with 
respect to the two types of systems. For the isolated system the 
principle is relatively simple. Transposition of the circuit in- 
volved in the parallel, throughout its entire length, so as to ob- 
tain good electrostatic balance offers the most practical way of 
accomplishing the result desired. Assuming a uniform configura- 
tion throughout the line, the transpositions for this purpose must 
be so located that each conductor of the circuit occupies all of 
the conductor positions for equal distances. In other words, 
they must be equally ‘‘ exposed” to the earth. In addition, 
the transpositions must be frequent enough so that their balan- 
cing effect is not rendered ineffective by the attenuation and phase 
changes which-occur along the circuit at frequencies producing 
harmful interference to the communication circuits. With 
reference to grounded neutral systems, the control of -residuals 
presents a more complex problem, especially on existing systems. 
Its solution has engaged the attention of the committees in 
large measure from the outset of the investigation and. will 
undoubtedly continue to do so in the future, as this seems oné 
of the main outstanding problems. The residuals of grounded 
neutral systems characteristically contain the third harmonic 
and its odd multiples, together with some fundamental and other 
harmonic components due to unbalanced load conditions. The 
‘solution of this problem, therefore, involves a very careful study 
of transformer connections, magnetic density, the reaction of 
lines upon the triple harmonics introduced by transformers, and 
the interaction of the different banks of grounded star-connected 
transformers throughout a system. The practical solution of a 
question of this kind requires tests of typical grounded neutral 
systems under actual operating conditions. Tests such as were 
conducted at San Fernando, under the relatively simple condi- 
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tions where the residuals introduced by a single bank of trans- 
formers were studied, afford, however, a good foundation for the 
study of the more complicated cases to be encountered in prac- 
tise. 

To carry out the plans just discussed, a tentative program, 
now under consideration, includes the investigation of one parallel 
involving the isolated type of power system and several parallels 
involving the grounded neutral type of power system. It is felt 
that the study of an isolated power circuit, as conducted at San 
Fernando, supplemented by one other investigation involving 
this type of power system, will afford the committee all the 
information necessary for it to establish, on a firm basis of scienti- 
fic fact, the requirements for transpositions to give good electro- 
static balance on power circuits isolated from ground, thereby 
preventing residuals of harmful magnitude. The complex condi- 
tions encountered on grounded neutral systems make it inadvis- 
able that general conclusions be drawn from an investigation 
of a single case. 

It was said above that a theoretical study has been made of 
the effect of power-circuit configuration on the electrostatic 
balance of the circuit. It is proposed also to study the effect 
of circuit configuration on the induction between power and 
communication circuits. Some work along this line has already 
been done, especially with reference to possible alterations in 
configuration of telephone phantom circuits. In general, if it 
is possible to make power and telephone circuits mutually non- 
inductive, to a satisfactory degree, by a reasonable number of 
transpositions installed for this purpose, it is not expected that 
the question of configuration for either class of circuit will 
become of controlling importance. Configuration of both classes 
of circuits will be considerably influenced by other reasons; 
economical methods of construction for both lines. Other things 
being equal, it is very desirable that circuit configurations be 
such that the coefficients of induction between non-transposed 
sections of lines shall be as small as possible. 

A study of the variation with frequency of the effectiveness 
of transpositions in both power and telephone circuits has been 
suggested. Under practical conditions there are, however, 
many other factors, such as length of parallel, large number of 
_ telephone circuits involved and points of discontinuity within 
the limits of the parallel, which enter into the problem of de- 
termining the proper number of transpositions in both types 
of circuits. These factors are such as to enforce arbitrary 
and somewhat inflexible limits, so that this matter of frequency 
is not the detérmining factor in setting a limit for the number 
of transpositions required to obtain mutually non-inductive 
conditions. The effectiveness of transpositions at high fre- 
quencies was one of the chief questions proposed for experimental 
investigation on test lines. Such an investigation would be of 
undoubted scientific interest, but the practical bearing of the 
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subject does not seem to warrant the expense involved, especially 
as it is expected that the results can be obtained more economi- 
cally by theoretical study. 

Upon completion of the work which has just been discussed, 
the committee expects to draft a supplementary report to be 
presented to the Railroad Commission of the State of Cali- 
fornia, giving in detail the conclusions derived from its investi- 
gation from the date of its first report, and such recommenda- 
tions as it feels necessary, to make the rules recommended in 
the former report more complete and explicit than was possible 
at the time the earlier report was rendered. 

During the past year $7200.00 have been raised by contri- 
butions of the power and communication interests. Previous 
to this, $9400.00 had been raised by a similar contribution made 
shortly after the formation of the committee. It should be 
noted in this connection that this amount of money represents 
only a small portion of the total expended on the investigation. 
Both the power and communication interests have in addition 
to the above, contributed heavily in the time of their employees 
and in apparatus placed at the disposal of the committee. This 
has been true particularly of the telephone companies. The 
Railroad Commission of California has also contributed finan- 
cially, and the railroads of the state have contributed through 
the provision of free transportation for all committee members, 
employees, and freight. From the outset, the investigation 
has had the support of communication interests with more than 
statewide affiliations. On the other hand, upon the power 
interests of California has fallen almost the entire burden of 
meeting the power interests’ share of the expense. Of late there 
has been considerable discussion among the California power 
interests with reference to obtaining the financial support of 
the similar interests throughout the country. This subject is 
undoubtedly of far more than local importance and it is to the 
interest of all parties that the investigation thus begun be brought 
to a state of reasonable completeness. The organization and 
equipment of the committee and the unrivaled field for in- 
vestigation offered by the conditions in California render it 
desirable that the work be prosecuted to a conclusion in this 
State. It is the hope of the Joint Committee on Inductive 
Interference to bring its study, which involves the mutual 
relationship of the two largest subdivisions of electrical in- 
dustry, abreast of the present state of development in each of 
‘the two arts involved, electrical energy supply and electrical 
communication. Beyond this point we can not reasonably go; 
further progress will occur naturally with the evolution of the 
two arts. We believe that this result can be realized in such 
a manner as to leave. both unfettered in their development. 
This, as we undoubtedly all agree, broad-minded public policy 
will demand. 
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A. J. Bowie, Jr.: [I am very much interested in the effect 
of high-frequency oscillation on telephone lines. It is a well 
known fact that the higher the frequency the worse would be 
the inductive effect upon the lines, and it is highly desirable 
that any effort it is possible to make should be made to keep 
away from the effect of high frequency, no matter what it comes 
from. There appeared some time ago in the Electrotechnische 
Zeitschrift some articles by Doctor W. Linke, these were in the 
issues of July 2nd and July 9th, 1914. He discussed transient 
phenomena. He had made a general study of these phenomena 
from many points of view with different phases, kinds of circuits, 
conditions and kinds of switch apparatus; and the result of 
this is published in the two issues referred to. In particular 
he discusses the effect of different types of switches, and arcs 
found in the different types of switches, and the voltage varia- 
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tion, particularly with reference to the creation of harmonics 
in their own circuits. He has made tests of both oil switches, 
air switches without horns, and air switches with horns. His 
conclusions are that the oil switch causes the most serious 
harmonics, but the air switch without horns was gentler in its 
action, and that the air switch with horns was ideal in its action 
in suppressing the harmonic and gradually reducing the current 
before the point of final break. 

Among others he made a test on a 10,000-kw. generator, 
which was short-circuited by a horn-break air switch. The 
generator was brought up to normal voltage before short- 
circuiting. The phenomenon of opening is shown by the 
oscillograms. The voltage curve does not show a single sharp 
peak or quick rise, even with the rising.of the arc on the horn, 
and likewise with the gradual increase of resistance the voltage 
rises from the moment of short-circuiting slowing to the normal 
height, while the current changes to zero. This is shown in 
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Fig. 1. Fig. 2 shows the corresponding test made with the 
oil-break switch. 

There has been a certain amount of misunderstanding of 
the action of arcs in air, which I think is .being gradually 
straightened out as further experiments throw more light on 
the subject. At first it was supposed that the arcs which 
occurred in air caused destructive rises of voltages on their 
own circuits. It has been pretty well disclosed by many tests 
which have been made, among them some made by W. P. 
Hammond, which appeared about a year ago in the General 
Electric Review, and showed definitely, that the rise of voltage 
which occurred from opening the horn type of switch was less 
than that which occurred in opening the air type of switch. 
Having disproven any material rise of voltage occurred on 
their own circuit, they were finally confronted with the fact 
that the arc may affect the neighboring circuit. 

- There are only three cases in which a rise of voltage can 
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occur on the power circuit which will affect the telephone 
circuit. The one is from a natural rise, from the opening of 
the switch; the second is from harmonics; and the third is from 
the unbalanced condition which will result from one. phase 
opening in advance of the other phases. Wecannot say de- 
finitely, either with an oil switch or an air switch, that all three 
phases open at the same time, in fact, it is doubtful whether 
they do; but no definite data have been brought forward on this 
subject one way or another. It is a matter which should be 
investigated further before any rules or regulations are passed ° 
on the subject. 

John B. Fisken: There are some rules that are a little hard 
on the power company, possibly because they are not under- 
stood. I have been for about a year trying to find out what 
is meant by a “‘parallelism.’”” Rule No. 1 reads that ‘‘reason- 
able effort. shall be made to avoid new parallelisms.” I think 
all power companies try to do that. We are told to avoid 
parallelisms, but are not told what a parallelism is. What I 


Fie. 2 


2122 INDUCTIVE INTERFERENCE [Sept. 17 


want to know is, when a power line and a telephone line are 
running in a parallel direction, what is the distance between 
them and the length to constitute a parallelism? 

On this question of air-break switches versus oil-break switches, 
we have in some of our lines occasion to use air-break switches. 
Some-two or three years ago we had oscillograms taken on these 
lines. As I remember, the higher frequencies were not present 
to as great an extent with the air-break switches as they were 
with the oil switches. Wehave two lines which we have fought 
with for some time, and in connection with them I want to 
ask Mr. Babcock if the committee has made any investigation 
of the effect of killing the charging current on a steel tower 
line. My reason for asking that, is this—something like nine 
or ten years ago we built two lines, 60,000-volt lines, 60 cycles, 
that paralleled main telephone lines. We operated them many 
years without any trouble. What is technically known as 
“bats’’ had not put in an appearance. A few years ago the 
bats began to get on the scene, and it puzzled us to know where 
they came from, as the method of operation had not been 
changed in the slightest degree. We found that in taking the 
power off the line, there was no result, but when we came to 
“kill’”’ the line, breaking the charging current, there was a result. 

Now, the connection between this line and the steel tower 
line is this—several years ago, in order to get rid of the burning 
of our pole tops, we grounded the pins on both of these lines. 
The effect is the same on either of them. It has occurred to 
me since that possibly the ill effects that we get from these 
lines may be due to the discharge of the condensers—there are 
over 2000 insulators on each line, which constitute condensers, 
and I have thought that possibly the rush to ground through 
the ground wires might cause this trouble. We have solved 
that problem in a measure by doing our switching on the low- 
tension side. That in many cases is not a practicable proposi- 
tion. There are one or two questions which I think will have 
to be referred to the manufacturers, the requirements as to 
wave form, etc., of generators, and the transformer require- 
ments. 

J. E. Woodbridge: I can answer Mr. Fisken’s question 
about the so-called “bats”? probably by a description of the 
appearance of the same trouble in this territory. There have 
been reported to the various power companies around San 
Francisco some very severe bats that in some cases aflecied 
telephone operators to such an extent that it drew blood from 
their ears, etc. These troubles were investigated and it was 
fourid that they synchronized with the killing of certain 100,000- 
volt power circuits by the opening of switches. It was found 
that the three individual single-pole oil switches, in the three 
phases of the 100,000-volt line, did not open at exactly the same 
instant. They were operated by three independent air cylin- 
ders, that is, they were not mechanically connected to open 
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at the same instant. It was partially on account of that dif- 
ficulty that the ruling was recommended to the railroad com- 
mission to provide for mechanical connection between such 
switches. That slight difference in the time of operation of 
the three phases is a small measure of what is to be found in 
the operation of air-break switches. These air-break switches, 
referring now to the article by Mr. Hammond, required in 
some cases several seconds, that is, several hundred cycles, 
for the breaking of the circuit, where oil switches require, as 
a rule, a fraction of a cycle, and probably at the most from one 
to two cycles. The three arcs drawn off in air do not break 
simultaneously, as has been observed visually; and the break- 
ing of one arc ahead of the other two, or two ahead of the other 
one, leaves full voltage supply to one of two conductors, with 
the other conductor or phase open-circuited. That: gives the 
same action as the slight difference in the operation of the three 
oil switches just mentioned, only, presumably to a much greater 
degree. 

J. P. Jollyman: Our study of this matter of inductive 
interference has pointed out to those of us who have been 
interested primarily from the power standpoint, one thing that 
is interesting and very encouraging, that the things which do 
the most to cause trouble with the parallel communication 
circuits are not essential to the operation of the power circuits. 
It is the little odds and ends of things that creep into the power 
circuits and. have nothing to do with the actual business of 
transmitting power, that cause most of the trouble for the 
parallel communication circuits. With this point in view, it 
seems that the power company should reasonably be expected 
to do what it can to get rid of the things that are not essential 
to itself but which cause a great deal of trouble to other people. 

Fortunately the desirable frequency for transmission of 
power represents a frequency very materially below the average 
frequency of voice currents. The power currents of normal 
frequency, which, of course, are the useful currents for the 
transmission of energy, where they do set up induction, set 
up an induction which is not as troublesome in telephone lines, 
at least, as the induction from the higher frequency harmonics 
which creep into a power system at times. With the exception 
of a few instances, I believe that these harmonics are of no 
particular importance to the power people. They do not serve 
any particularly useful purpose, nor are they usually of sufficient 
‘magnitude to be particularly noticeable to power people. In 
some cases, however, they are very noticeable to the parallel 
communication interests, and are a great deal more effective 
in causing trouble than is the primary or fundamental frequency. 

The reduction of the harmonics and of their effect is, with 
respect to the telephone lines, at least, the principal problem 
before the committee at the present time; in other words, the 
problem is to control those frequencies in the power system, 
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which are not essential to the operation of the power system, 
but which are very disturbing to their neighbors. In the case 
of the telegraph lines, the lower frequencies are more trouble- 
some than in the case of the telephone lines. Telegraph lines 
fortunately, are not as sensitive as the telephone lines, and the 
operation of parallel circuits is not so difficult. Of course, 
the power men know the fact, that transformer magnetizing 
currents do contain a certain amount of harmonics higher than 
the fundamental. It is possible in a new system to design the 
transformer connections so that the effects of these harmonics 
will be very largely eliminated. Some of the existing systems 
have many transformer connections in which the third harmonic 
component of the transformer magnetizing current is not taken 
care of within the bank itself. An important problem before 
the committee at the present time is to learn how to take care 
of this locally. It seems that this can be accomplished. 

A matter of very great concern at the present time to all of 
the interests involved is to find out, if we can, the most prac- 
ticable forms of line construction, transformer installation, etc., 
which will be preferable from a non-interference standpoint. 
A considerable option, especially on the part of the power 
company, exists in the form of the arrangement of conductors 
on a supporting structure, without any material difference of 
cost, or with very little difference in cost. As was pointed 
out in the discussion presented by Mr. Babcock, the most 
important problem before the committee at the -present day 
is to find how the circuits may be built to give the least in- 
herent mutual interference. 

P. M. Downing: The report of the Inductive Interference 
Committee has been criticized because it is indefinite, and does 
not define what constitutes a parallel or a parallelism. 

As a member of that committee I do not hesitate to say that 
neither the power nor the telephone people were able to de- 
termine a proper definition of the term. é 

In view of our knowledge of the subject, neither side was 
disposed to make any hard and fast rule, fixing the separation 
between power and telephone lines. Nor are we prepared 
even yet to say just how great the zone of interference is under 
every condition of voltage, loading, configuration, etc. In 
other words, there are so many elements that must be taken 
into consideration, that a still further study of the subject must 
be made before a better definition can be given. The further 
investigations of the committee may enable them better to 
define the term, and they may not. 

J. B. Fisken: As I understood Mr. Woodbridge in answer to 
my question, his solution of the difficulty was that the three 
poles of the switch did not break at exactly the same moment. I 
want to assume the case that they break together as nearly as 
it is possible to make them break. In this particular case I would 
state that we have an expert switch man, who goes over our 
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switches all the time and adjusts them, so that as near as it is 
possible for any human being to make them, the three poles of 
the switches break at the same time. Assuming that the three 
poles break at the same time, then does the fact that the pins 
are grounded and the insulators act as condensers cause the 
interference when the charging current is broken? 

E. E. F. Creighton: I think it is impossible to answer Mr. 
Fisken’s question offhand, as so much depends upon conditions. 
The capacitance of an ordinary suspension type disk is approxi- 
mately 34 micro-farads, in other words, 34 times ten to 
the minus twelfth power. A calculation can, therefore, be 
made which will give the total current which would flow through 

-the insulator to the ground. The capacitance of a string of 
suspension disks is equal to only a small fraction of the ca- 
pacitance of the line wire between towers. I should suspect the 
trouble was due to the accidental arc-over on the line at the 
time of opening the switch, or to an unbalanced electrostatic 
condition of the three phases during switching. 

J. E. Woodbridge: As I understand the two conditions Mr. 
Fisken describes, one is the condition of the neutral between 
the pins and the other is the resistance of the wood pole between 
the pins and the ground. We made some computations at 
one time of the amount of line capacitance which is contained 
in the insulators themselves, which in the case we had in mind 
was a string of suspension insulators. We tried to determine 
what proportion of the total line capacitance was made up of 
the capacitance between the caps and eyes of the suspension 
insulators, and we found that this capacitance was a very 
negligible part of the total, I believe a fraction of one per cent. 
The capacitance of pin insulators would be some comparative 
figure, so that I do not think that with the removal of the series 
resistance of the wood pole, this very small fraction of the 
capacitance would have any effect whatever on the coefficient 
of induction between the transmission line and the telephone 
line. 

A. H. Babcock: Your attention is called to the fundamental 
requirements, not of any particular provision of the rules, but 
of the rules in general, namely: any switch, regardless of its 
type, its construction or method of its operation, that causes 
disturbances in the communication circuits, by those very 
disturbances renders itself objectionable, and any such switch 
that does not cause such disturbances is not objectionable. 
If only that point of view can go home, much of the present 
unfortunate misunderstanding will be more easily removed. 
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OVERHEAD ELECTROLYSIS AND PORCELAIN 
STRAIN INSULATORS 


BY S. L. FOSTER 


ABSTRACT OF PAPER 


There is a slight leakage of current from trolley wires to earth 

through insulated supports on all electrical overhead construc- 
tion, which if not checked permits a flow of current which gives 
rise to electrical separation of water into oxygen and hydrogen. 
The oxygen liberated acts vigorously upon the adjacent metal 
parts, whichin time become badly corroded. This electrolytic 
action also seems to remove the galvanizing from live metal 
parts before attacking the iron. A partial remedy for this 
rusting of live galvanized wire is painting. 
_ This electrolytic effect is also seen to take place over strain 
insulators where the creepage distance is insufficient. This 
indicates that a creepage distance proportional to the conditions 
met must be secured to stop the flow of current around the out- 
side of the insulators. The author concludes that, under fog 
conditions, the insulator surface exposed for creepage is in- 
sufficient in our present standard devices. 

Another form of overhead electrolytic action noticed in 
electric railway work is caused by use of dissimilar metals in con- 
tact. Sulphuric acid and other fumes in the air, and ozone froma 
nearby ocean, are supposed to be the electrolytes that set up a 
local battery action at these points of contact. The logical 
remedy for this trouble is to use similar metal in contact. 
The paper then describes the troubles encountered in San 
Francisco due to these causes and the remedies which have 
been applied. 


N ELECTRIC railway construction in damp climates, and 
more or less in all climates, there is a slight leakage of current 
from the trolley wire to the earth through the insulated supports. 
This flow of current if unchecked produces the same results as 
usually follow the electrolytic separation of water into oxygen 
and hydrogen. Oxygen is liberated at the positive end of the 
insulating device or the end nearest the trolley wire and attacks 
the metal immediately adjacent to the insulation. In the case 
of galvanized iron the zine covering or galvanizing is soon re- 
moved and the iron is acted upon vigorously by the oxygen. 
This effect is seen on the bolt or stud that fastens the trolley 
ear to the trolley hanger. The threaded lower end will be found 
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badly corroded, even though it had been smeared with thick 
oil on installation, while the rest of the bolt is less rusted. The 
explanation seems to be that a leaking current in passing from 
the exposed part of the bolt around the outside of the insulation 
to the metal body, by which the span wire is attached to the 
trolley wire, electrolytically disassociates the oxygen and hydro- 
gen of the moisture present, the oxygen appearing at the positive 
pole and at once attacking the iron stud. 

The electrolytic action is also seen in the film of green copper 
salt that spreads from the head of the brass ear over the lower 
surface of the cone to the iron hanger in cap and cone construc- 
tion where exposed for long periods to moisture or salt spray, 
practically destroying its value as an insulator. 

Iron oxide or rust, as it is usually called, occupies 2.2 times 
as much space as the iron from which it was formed and this 
continuous growth exerts a powerful lifting or heaving effect 
on the insulation above it. The progressive oxidation of iron 
results, in the case of the insulated bolt form of span wire insula- 
tion, in rupturing the enveloping material and gradually pressing 
the pieces further and further from the bolt, reducing the insula- 
tion resistance in proportion to the destruction of continuity of 
the enveloping insulating material, until the hanger becomes 
worthless as an insulator during wet weather. In the cap and 
cone form this oxydizing action results in splitting the cap in 
various directions and destroying its insulating value. In the 
cap this splitting of the insulating covering has been reduced 
by having the stud hot-dip galvanized before the insulation is 
pressed on it in the process of manufacture. 

In the strain insulator this creepage-electrolysis effect is also 
seen. A globe strain, for example, exposed in a damp climate 
a few months as the only insulation between an uninsulated 
curve hanger and the pole (even in the case of a wooden pole) 
will show a heavy ring of iron rust around the shank of the eye 
on the end of the insulator toward the trolley wire, and a white 
zine efflorescence on the end toward the pole while the interior 
upon crushing will be found to be clean and intact, its insulating 
conditions as good as ever and the galvanized surfaces bright 
and unimpaired. If time enough elapses this oxydation will 
split the spherical composition insulation open in cracks at the 
end toward the trolley wire. This seems to be due to simple 
electrical leakage over the three inches of surface of the insulator. 
It is too small to be measured with an ammeter and causes no 
hot poles nor opened circuit breakers. 
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With some forms of strain insulators this flow of current might 
be called ‘‘ sneakage ’’, as it occurs without outward sign through 
the interior of the device until the resistance has been broken 
down sufficiently to allow a clear path. In the case of a single 
insulator in the span wire there then occurs the phenomenon of 
a shocked lineman, a hot pole, a burned-off support or occasion- 
ally a dead-grounded feeder at the power house. Asa safeguard, 
three of these expensive insulators are sometimes seen used in 
series at eachend of aspanwire. This is probably the best meth- 
od of increasing the creepage distance sought for, provided 
the insulation is proof against ‘“ sneakage.” 

There is another interesting phenomenon connected with this 
leakage of current along span wires and guys. Thecurrent seems 
to pass off from the exterior of the live wire, first removing elec- 
trolytically the galvanizing and ‘then attacking the iron. In 
moist climates and especially where exposed to salt spray the 
“extra”? or “double” galvanized strand, when used where 
leakage current along it is possible, rapidly becomes denuded 
of its zinc covering, gets red with rust, becomes pitted and quickly 
loses its tensile strength as if the wire, being positive to the earth, 
were discharging through the moisture of the atmosphere through- 
out itswholelength. It may be claimed that this action is due to 
insufficient galvanizing or to local action from impurities in the 
iron of the wire. That it ischiefly due to an electrolytic action 
is shown by considering guy wires put up nearby at the same 
time and used where little or no current could pass along them, as 
in the case of an insulated drop guy between two wooden tele- 
phone poles attached below the crossarms on each pole. Here 
the galvanizing though unpainted was unaffected by the elements. 

A partial remedy for this rusting of the live galvanized wire 
is painting, asis seen by considering the end of a guy wire where 
it was painted at the wrap around the iron pole and beyond. 
Where painted it was not affected and was full size, although cor- 
roded badly where unpainted. This corrosion also occurs when 
bare copper is used for guys or spans and is alive unless these 
wires are oiled or painted. That the trolley wire does not 
show effects of this action is supposed to be due to its being pro- 
tected by a film of lubricant thrown upon it by the passing 
trolley wheels. 

These points seem to teach that it is not only the high insula- 
tion puncture and flash-over tests of the trolley wire devices nor 
the crushing strength of the composition that are important, 
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but the securing of a creepage distance proportional to the con- 
ditions met with, so as to stop the flow of current around the out- 
side of the insulating parts. 

The substitution of glass or porcelain for the usually more or 
less fibrous and absorbent compounds in strain insulation pre- 
vents ‘sneakage”’, which is a distinct gain, but still leaves 
the creepage along the surface. The gain in always being 
able to see the condition of the insulation in a properly designed 
glass or porcelain strain insulator, and in the reduced price 
originally, and for maintenance, has been considered in accounting 
for its popularity, more than the danger from breakage of the 
relatively more brittle vitreous material. From this it would 
seem clear that the surface exposed for creepage is not enough 
under fog conditions in our present standard devices. 
Proper demand for neat, light-weight parts has been com- 
plied with but we have not left enough distance between positive 
and negative sides to sufficiently protect the trolley supports 
from electrolytic action, necessitating that the hanger insulation 
be reinforced by a generous amount of permanent creepage dis- 
tance in the span wire insulation—a creepage distance whose 
amount will not be reduced nor impaired by any electrolytic 
action in or around the strain insulator as it has been seen occurs 
on the underside of the cone in the hanger insulation when the 
surface is covered with a conducting film of metal or metallic 
salt from electrolytic action on the boss of the brass ear. 

One factor is often overlooked that helps to neutralize the 
results of creepage—the insulation of the iron pole itself. Con- 
crete is a fair insulator when dry, but unless there is a layer of 
it under the pole the pole is not insulated as well.as it could 
reasonably be. This concrete setting, as far as it goes, is a pro- 
tective against the electrolytic injury to the wires and hangers 
above. =! 

Leakage to ground is not confined to iron poles but occurs 
on wooden poles, on which there should always be a sufficient 
strain insulator in the span wire at either end. In the case of 
iron poles, if one strain insulator does not suffice two should 
be used, one about two feet from the trolley and one six feet 
from the pole. If two do not check the corrosion at the hanger 
and elsewhere on the span wire, insulators with more creepage 
distance over their insulated parts should be used, as for example, 
long wooden insulators. These latter, however, lack the tensile 
strength and the interlinking feature of the disk or cubical or 
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“goose egg”’ porcelain strain insulators. Disk insulators are 
heavier, more expensive and more liable to fracture from stones 
or wild trolley poles than the other kinds. 

All galvanized iron strand intended for overhead use in con- 
nection with electric railway work is given by some companies 
two coats of linseed oil paint by dipping the wire, previously 
made up in coils of conveniently portable size, in a bath of paint, 
allowing the first coat to dry and dipping the wire a second time. 
It costs far less to apply the paint by immersion than with brushes 
by men on ladders or tower-wagons after the wire is in place. 
A paint giving the best results is the ordinary pole paint made 
with linseed oil as a vehicle and a metal oxide as a filler. 

All joints made by the linemen in galvanized wires or cables 
should be painted at least one coat. The zinc of the galvanizing 
is scraped off the wires by the pliers, and unless painted, local 
action begins at once. All overhead parts should be painted 
before being installed and when poles are painted all wire and 
all cable joints, strain insulators, etc., within reach of the painters 
should be covered liberally with paint. This linseed oil harms 
nothing, is a good insulator and is the best known metal preserva- 
tive. Local action will commence at once where the zinc 
covering has been abraded in handling the galvanized article. 
The covering of paint prevents this action from taking place 
by keeping the electrolyte from contact with the dissimilar metals 
in the injured surfaces. 

There is another form of overhead electrolytic action met with 
in wires used in electric railway work. This is caused by the 
use of dissimilar metals in contact. Galvanized iron cables 
attached to the brass eyes of curve hangers, of spherical strain 
insulators, etc., lead to rapid rusting off of the wire at the point 
of contact. The sulphuric acid found in the air of cities from 
the combustion of coal, from the escaping fumes of chemical 
works, the salt spray and ozone from a nearby ocean, etc., are 
thought to be the electrolytes that serve to start a local battery 
action. This action probably explains some of the corrosion 
at the thread of the hanger bolt that results in loose hangers in 
the ears. 

The logical remedy for this is to use similar metals in contact— 
galvanized iron cable with galvanized iron parts and copper 
or bronze cable with brass parts. The local action will then 
beaminimum. Applying a heavy oil to the thread of the hanger 
stud when screwing it into the brass ear is a palliative by neutral- 


2132 FOSTER: OVERHEAD ELECTROLYSIS [Sept. 17° 


izing the electrolyte. As copper guy or span wires are more 
expensive than galvanized iron ones and do not withstand 
the blows from wild trolley poles as well, brass parts had better 
be replaced by galvanized iron ones for all overhead trolley work. 

It is logical to believe and difficult to disprove that some of 
the wasting away of the iron pole at the top of the concrete 
setting, that sometimes seems to defy the painters and is often 
charged to the dogs, may be due in part at least to electrolysis, 
the leaking current passing from the iron of the pole along 
the damp surface of the ground toward the rails. Exceptionally 
rusty pole bases in spite of usual attention from the painters 
should justify investigations being made into the condition of 
the insulation of the feed wire insulators, that in the span wire 
and that at the trolley ear. 

In SanjFrancisco,these problems presented themselves early 
in electric railway experience and have been solved one after 
the other, producing not only improved conditions electrically 
but increased strength mechanically, reduced original cost, re- 
duced maintenance cost and both greater safety for the workmen 
and greater rapidity of work. The first problem: taken up was 
the electrolysis from the combination of the brass eye in the 
strain insulator and the galvanized iron strand. The galvanized 
strand corroded at an extraordinary rate in the brass insulator 
eye. This was remedied by having galvanized iron eyes used 
in the strain insulators in place of the brass eyes: Here there 
were two gains. The iron eye was stronger than the brass eye 
and the galvanized strand lasted longer in the iron eye than it 
did in the brass one. 

The second problem was the failure of the strain insulators 
due to the heaving action of the iron oxide at the positive end 
of the insulator, as already described. 

For long periods during the summer months the heavy salt 
fog lay on the land near the ocean and kept the surfaces of these 
insulators bathed in moisture. The growing oxide forced the 
composition insulation open in numerous crevices and when the 
first winter rains came there were many hot poles reported on 
the system. The first rain storm of winter was a day to be dreaded 
by the linemen then. Between 1893 and 1901 every kind 
of strain insulator on the market was tried and found wanting— 
mica, composition, globe, Brooklyn, etc. In1901la cheap glass, 
later displaced by a porcelain cubical or “ goose egg ”’, strain 
insulator was adopted for all trolley work. Since then such a 
thing as a hot pole from a defective strain insulator has been un- 


= 


PLATE\'CXXXII. 
A... E. E. 
VOL. XXXIV, 1915 


x = FSS ORIN NO a eer ce mei te a a en AAO 


SBres09-m inc meme 


[FOSTER ] 

SINGLE LINK FOR SMALL PORCELAIN INSULATOR. 

SINGLE LINK, SMALL INSULATOR AND SPAN WIRE INSTALLED ON 
POLE BAND. 

DouBLE LINK FOR SMALL INSULATOR. 

DouBLE LINK, SMALL INSULATORS AND No. 0000 STRANDED COPPER 
FEED-IN OR TAP-OFF CABLE USED AS A SPAN WIRE. 

TRIPLE LINK WITH TRIANGULAR LINK FOR LARGE INSULATORS AT 
PULL-OFF OR STRAIN POLES USED TO SUPPORT OVERHEAD CURVES. 

SAME IN POSITION ON POLE. 

LonG Woop STRAIN INSULATOR UsED ON FoG-ExposED LOCA- 
TIONS. 

DousLEe LINK AND LARGE INSULATORS USED IN DEAD-ENDING 
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heard of during rain storms or at all. The creepage distance 
was no longer on the porcelain strain insulators, nor, in fact, 
half as long as on the globe strain insulators that were displaced, 
but the creepage current did no harm to the vitreous insulator, 
was entirely on the exterior of the insulator and when the rain 
came there were no crevices or exposed fibrous surfaces to ab- 
sorb moisture and facilitate leakage. 
porcelain insulator and improved its insulating qualities if 
anything. 

Where there was little or no fog a single porcelain insulator 
was used at each end of the span wire. Where the fog was 
heavier or there wasa feed-in cable from a feeder used as a span 
wire two insulators were used in series. On particularly exposed 
lines along the cliffs around the Golden Gate even two of these 
and of a larger size did not suffice, and long wood strains had to 
be substituted, but that story will come later. Recently a 
state law has been passed requiring a strain insulator two feet 
from each trolley wire in the span wire and one at each end of 
every guy wire or cable. The result of this will be at least two 
porcelain strain insulators between the trolley wire and the 
pole everywhere. 

The porcelain insulators referred to are of two sizes. To save 
the linemen’s time and to improve the appearance of the over- 
head construction hot-dip galvanized wrought iron welded links 
were made for use with the porcelain insulators. These links 
seem to be as durable as the insulators and were made in the fol- 
lowing forms: single links for pole band attachment, double links 
for feed-ins at the pole or for feeder cable dead-ends, triple links 
with triangular bull-ring for curve pull-off poles. The links for 
the small insulators were made of 3-in. and for the large ones of 
4-in. round Norway iron. The triangular bull-rings were made 
of 2-in: steel. 

The essential information relative to the two sizes of porcelain 
strain insulators referred to is as follows: 
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The single link for the small insulator costs 10 cents and for 
the large one 15 cents. The smaller insulator is used in all 
spans and guys except those under extraordinary strain, such as 
dead ends for trolley wires, 1,000,000-cir. mil cables, etc., where 
the larger one is always found amply strong. 

The method of use of these insulators insures interlinking of 
the metal parts and maintaining of the conductor in the air in 
case of fracture of the porcelain, which seldom occurs. 

Where composition strain insulators are used, and from bitter 
experience the linemen have learned to know that their elec- 
trical sufficiency or insufficiency cannot be safely inferred from 
their external appearance, these men are accustomed to test the 
span wire before beginning work, by making a rapid electrical 
connection from the trolley wire to the span wire with the opened 
handles of their connectors or gas tongs. 

With porcelain insulators in the spans such tests are 
never required nor made by the men, as a glance at the insulator 
is all that is necessary. If the porcelain insulator is in place it 
must be intact and its insulation makes the span wire safe to 
handle without danger of it proving to be connected to the earth. 
Its external appearance is satisfactory evidence of its electrical 
sufficiency. The linemen also save the time formerly spent in 
testing the insulation of the span wires. 

Further, there is little or no danger of the porcelain insulator 
failing while the men are working on its span wire, however 
old the insulator may be or however long it has been in service. 
A rifle bullet, a blow from a stone thrown at it, or from a wild 
trolley pole are the only causes of injury to these insulators met 
with in our experience, and there are very few breakages indeed— 
hardly one-tenth of one per cent. 

During the great San Francisco fire of 1906, all the expensive 
composition strain insulators, and in fact, all composition over- 
head parts such as caps, cones, one-piece hangers, etc., swelled 
up under the heat and went out of business as electrical insulators, 
whereas most of the cheap porcelain strain insulators passed 
through the ordeal safely and were gladly used again in the re- 
construction, as the stocks of overhead material in our storeroom 
and those in the storerooms of all the local supply men had been 
destroyed. 

The fact that these porcelain insulators in the span wires had 
withstood the flames enabled the main crosstown line to be put 
in service in less than 24 hours from the time the conflagration 
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subsided. The new trolley wire was used tied to the span wires 
with the temporary construction wire ties only, the porcelain 
strains at each end of the spans furnishing sufficient insulation 
between the trolley and the iron poles until the lacking hangers 
and ears could be obtained from outside the city. 

From an ever-expanding fourteen years experience with porce- 
lain for all 500-volt d-c. electric railway strain insulator work, 
except extreme fog conditions, it has been proved in San Fran- ~ 
cisco practise, where there is neither snow, ice nor sleet and but 
little lightning, that porcelain is the best material for the pur- 
pose. 

It is incombustible, nearly indestructible, invulnerable to 
atmospheric actions, requiring no original or subsequent pre- 
servative treatment, painting, testing or other attention, having 
higher compressive strength combined with small dimensions, 
protecting by the interlinking metal parts the conductors from 
falling, preserving the workmen from unexpected electrical 
shocks or waste of their time in determining the condition of the 
insulation by test, being cheaper to buy, costing nothing to main- 
tain and enduring forever as good as when new. 

The change in 1901 to porcelain as the exclusive material for 
strain insulator uses marked as important an advance in the art 
of keeping down the cost of maintaining the overhead construc- 
tion of the trolley lines in San Francisco as the advent of the 
clinched ear in place of the soldered ear did a few years later. 

The creepage distance from conductor to conductor on the 
smaller porcelain strain is only about ? of an inch. On our 
ocean exposed line skirting the Golden Gate we used the larger 
insulator on which the creepage distance was 2 inches. This 
did not prevent the rapid corrosion of the galvanized support 
cables. 

In San Francisco fog practise, the size of the span wire has 
been increased from } to 5/16 to inch and of guys from 5/16 
to # to 3 inch in order to lengthen the life of these cables. 

On this Cliff line the overhead strand lasted only about two 
years. When one large porcelain did not answer, two in series 
were tried on this wood pole construction. Then wood strain 
insulators five inches between heads were tried, only to have the 
iron heads corrode off rapidly. Wood strain insulators 15? 
inches between heads really seemed to increase the life of the 
galvanized strand, although the heads toward the trolley wire 
showed the characteristic electrolytic action and a heavy iron 
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oxide quickly accumulated over the sherardizing, the insulator 
heads toward the pole remaining normal. 

We are now making homemade wood strain insulators 24 
inches between conductors that are expected to insure reasonable 
durability to these exposed “extra” galvanized cables which, 
it should be stated, had been painted two heavy coats of linseed 
oil paint by dipping, previous to being put in place, as is done 
with all the strand of all sizes that is used in the overhead work. 

These wood strain insulators last referred to are made of maple 
and boiled 24 hours and cooled off in linseed oil before being 
painted. They are 22 in. thick, octagonal in section and pass a 
tensile strength test of 5000 pounds without showing any signs 
of distress. . 

It should perhaps be made cleat that the porcelain insulator 
is subject to the same limitations as to protective power, accord- 
ing to creepage distance, as other forms of strain insulation. 
Where this distance is insufficient for the fog conditions met with, 
the conductor on the positive or trolley wire side of the insulator 
will be gradually weakened by the electrolytic action already 
described. This progressive deterioration is always visible, 
however, in the porcelain insulator construction, and the failing 
cable is usually replaced by a sound piece before the span or guy 
breaks. An additional insulator or one with longer creepage 
distance can be inserted at this time if the conditions seem to 
justify it. 

In the absence of fog, this electrolytic weakening of the span 
does not become serious, and there are many cases in San Fran- 
cisco outside the fire zone of 1906, where the original single small 
glass insulator per span, and original span wire installed thirteen 
years ago, are still in use and in satisfactory condition. 
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DISCUSSION ON “OVERHEAD ELECTROLYSIS AND PORCELAIN 
STRAIN INsuLATORS,” (S. L. Foster), SAN FRANCISCO, 
City SERTL LT l O5e 


L. W. Webb: This wire (samples of copper-clad wire were 
exhibited) has been used on radio antenna on shipboard, and 
has proved entirely unsatisfactory for this use. It lasts from 
three months to a year maximum, and often not as long as three 
months. When once installed and not taken down it lasts the 
maximum length of time; but if disturbed after being installed 
the individual strands are found to be broken throughout the 
entire length, and the least twist or kink breaks the completed 
wire entirely. Where installed close to the smokestacks on 
vessels the escaping gases cause rapid deterioration, and cases 
have been noted where the wire lasted only about two or three 
weeks. 

This wire being exposed to a salt air atmosphere in combina- 
tion with the gases escaping from the smoke stack apparently 
causes a very active chemical compound and the rupture of the 
outer copper casing, as these samples show. There are evidences 
of both chemical and electrochemical action. The high-fre- 
quency currents circulating only in the outer skin of the copper 
enclosing jacket apparently produce small amounts of 2NO: 
which in combination with H.O would give HNO, plus HNOs, 
nitrous plus nitric acid, the nitric acid attacking the copper 
jacket and destroying it, allowing electrochemical action be- 
tween iron and copper and thus completing the destruction of 
the wire itself. Also, smokestack gases in combination with 
salt air, rain, etc., and the high-frequency discharges from 
antenna produce, it is believed, both HCL and HNOs, both of 
which attack copper very virulently. Under certain circum- 
stances it is believed it is possible to produce sulphuric acid also, 
but the action of nitric acid is believed to be the most plausible 
of all. - 

The copper-clad wire is the only one ever used, as far as I 
know, that proved utterly unsatisfactory in such a short time. 
Before trying this copper-clad wire we used a wire made up of 
seven strands of 20 B & S silicon bronze wire and experienced 
very little trouble due to corrosion. The wire would, however, 
kink very readily, and when kinked would often break, but when 
properly handled no trouble was experienced. Since trying the 
copper-clad wire we are again using this silicon bronze wire. 

L. Addicks: I think Mr. Webb’s trouble in the case of the 
copper-clad wire due to the nitrogen of the atmosphere being 
oxidized by the discharge of the radio antenna, which pits the 
copper, causing galvanic action with a salt solution for an elec- 
trolyte. The cell with an iron anode and copper cathode will 
very rapidly corrode the former. The problem is different from 
that presented in Mr. Foster’s paper, where we have no high 
voltages to deal with; but it seems that salt is largely the offender 
in furnishing the electrolyte. 
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I had intended to ask Mr. Foster why we could not calorize 
some of these connections with the idea of having aluminum in 
circuit to act as an anode. -This would oppose the passage 
of any current, just as it does in the rectifier, but I am afraid, in 
the presence of the salt fog, the aluminum itself would be at- 
tacked by the chlorine, and that leaves us worse off than before. 
I suppose this salt fog is really ocean spray with considerable 
chlorine in it. I clipped from a newspaper the other day a 
reporter’s view of this action: 

“ The disintegrating action of electrolysis from the electricity 
in salt water and salt air has given yachtsmen a good deal of 
trouble of various kinds. Aluminum utensils for example, 
were much used for a time in the table service of yachts, as they 
were light, stood rough wear, and looked almost as well as silver. 
But it was presently discovered that overnight they became 
covered with a fine powder due to the action of the electricity 
in the salt air.” 

S. L. Foster: We have not had much experience with alumi- 
num in this city because when tried twelve years ago on a small 
scale near the Golden Gate it proved unsatisfactory in the salt 
foggy exposure. There was some small-sized bare solid alumi- 
num wire put up around the cliff by the telephone company as 
an experiment. It broke after being up only a few weeks. 
Upon examination it was found that this wire was badly tar- 
nished and broke off upon bending once 90 deg. between the 
fingers. It had become brittle since its exposure. This tar- 
nishing was probably due to the action of the chlorine content 
of the salt in the ocean spray. 

Speaking of the copper-clad wire, I would state that under the 
same conditions it went about as fast as the aluminum. The 
electric battery action appeared here. I assume that the elec- 
trolyte was hydrochloric acid formed: from the chlorine in the 
salt moisture. It was probably not nitric acid as there would 
not be enough stray voltage from a telephone line to produce 
nitric acid from the atmosphere. The iron salt formed burst 
the copper covering open before the wire broke. You could see 
this progressive action very clearly—splitting off the copper 
sheath both ways from various centers. Lead-covered cables 
and insulated copper wire are now used in this exposed district. 

The manufacture of copper-clad wire has been abandoned, 
I understand. 

Bare copper exposed near the ocean becomes covered with a 
greenish salt which I have assumed to be the oxy-chloride of 
copper. By others it has been called the carbonate of copper. 
I know of no analysis having been made of this salt. 

John B. Fisken: I had occasion not long ago to look up the 
life of guy wires over railroad tracks in connection with some 
rules that were being made up. I found that ordinary galvan- 
ized cables that had been up many years over a railroad crossing 
were absolutely in as good condition as when put up. The tensile 
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strength was just as high, but I found that some of the span wires 
supporting the trolley wires, apparently of the same material, 
had a very short life. Where I come from we are something like 
300 miles from the sea, and at an elevation of 1900 feet, so, of 
course, there is no salt fog. The reason for this trouble I could 
not discover anywhere, but in reading Mr. Foster’s paper [ 
concluded I probably had the solution of it. I presume that 
the smoke from the locomotives formed on the insulators would 
allow this leakage Mr. Foster speaks of, and the electrolytic 
effect of the direct currents on this wire is probably causing that 
wire to have such a very short life. I propose, when I go back 
home, to do a little painting or treating span wires with oil to 
find out if that is the reason. 

S. L. Foster: In response to what Mr. Fisken spoke of, I 
would advise him instead of painting the spans to put in longer 
insulators. The action referred to is probably due to the forma- 
tion of sulphuric acid from coal burned in the locomotives, and 
that emitted with the steam and smoke, would coat the insulator 
with an effective electrolyte to begin action. 

John B. Fisken: The reason for the investigation was that 
very question—it was claimed that the sulphur contained in the 
coal would deteriorate the guy cables. We have to use galvanized 
steel for guy cables; under the rules referred to it would not be pos- 
sible to use it for conductors, which we frequently have to put out 
oncountry roads. I have not had any analysis made of the smoke, 
but believe there is a large amount of sulphur in it; but it seems 
to me that would attack the guy wire as muchas the span wire, 
which it does not seem to do. There must be an electrolytic 
effect somewhere. 

John H. Finney: I do not know a great deal about Pacific 
Coast weather conditions and their effect on aluminum; but in 
the east, aluminum wire which has been up in perhaps the worst 
town in the east for atmospheric conditions, Charleston, South 
Carolina, has been up about 14 or 16 years, to my personal 
knowledge, and is in very good condition today. Apparently 
no change has taken place in the aluminum. The middle strand 
of the 7-strand cable is just as bright as the day it was put up. 
I appreciate that west coast conditions are not identical with the 
eastern conditions; they have not so much fog in Charleston, but 
have very bad atmospheric conditions, a heavily-laden salt 
atmosphere from the sea, and at times extremely dry heat. 
Other material on the railway line corrodes and goes to pieces 
rapidly. I am not defending aluminum when erected under 
wrong conditions, and perhaps our eastern conditions are radi- 
cally different from western conditions. There is a great deal 
of aluminum up on the Pacific Coast, of course, and I presume 
most of it is in satisfactory condition; certainly many of the big 
plants in California and elsewhere along the coast testify to its 
good qualities as long-distance transmission material. 

L. Addicks: Is it not a fact that the aluminum Mr. Finney 
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refers to as in use a long time is on high-tension transmission, 
where great care is taken to avoid a leakage condition? ; 
J. H. Finney: That is true, there is practically no leakage. 
T. M. Stateler: I would ask if there is any particular leakage 
from the concrete poles of the San Francisco Municipal Railway. 
Paul L. Ost: We have not had any concrete poles in service 
a sufficient length of time to give us any real data upon them. 
However, we have had some experience in a certain class of 
construction very similar to that which Mr. Foster described. 
Out at our beach terminus, where we go within 200 feet of the 
beach, we have had occasion within.the last six months to take 
down a portion of the construction which was up eighteen months 
only. Where the strand wire was met by our own porcelain 
insulators we found all of the galvanizing was gone, and in most 
instances at least half of the strand wire had been eaten away. 
We had one particular case of a feeder span, where the copper 
was badly eroded close to the insulator. This loss of the gal- 
vanizing of the strand wire itself does not extend back any great 
distance from the insulator, possibly not over an inch at the most, 
which would indicate to my mind that it is an electrolytic action 
which is confined to the points where the current leaves the wire. 
I might also add that we have had an experience in this same 
neighborhood, with fire alarm conductors, which are weather- 
proofed copper. The wire was badly eaten off at the point where 
the tie wires are attached to the main line. I think possibly 
this was also due to the electrolytic action where the current 
leaves and goes down from the insulator. The potential in those 
cases would not ‘possibly exceed 50 volts between the wire and 
the ground. 
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DELTA-CROSS CONNECTIONS OF TRANSFORMERS 


FOR PARALLEL OPERATION OF TWO- AND THREE-PHASE 
SYSTEMS 


BY GEORGE P. ROUX 


ABSTRACT OF PAPER 

Two methods of transformer connections, the tee-cross and 
the delta-cross, are described, with their application for parallel 
operation of two-phase and three-phase systems. 

An attempt is made to explain as clearly as possible the 
voltage, current and phase relations, and the dephasing action 
which takes place in each case. 

The delta-cross system of connections lends itself to a great 
number of applications, either for the parallel operation of two- 
phase and three-phase systems or for the simultaneous supply of 
two-phase and three-phase power from one bank of trans- 
formers. It is to be noted that in this system of connections 
no special taps are required, except a 50 per cent tap on one 
transformer (usually easily obtainable), the compensation of 
one phase of the system being done externally by means of a 
small booster transformer. 

The simplicity of connections, the feature that no special 
transformers are required, and no special taps necessary, give 
the electrical engineer facilities to meet promptly and econo- 
mically the requirements inherent to two-phase and three- 
phase simultaneous distribution from only one transformer 
bank. 


N THE merger and consolidation of electric properties into 
larger systems, the electrical engineer, in his task of 
rehabilitation and reorganization of the physical properties for 
more convenient and economical operation, very often finds two 
generating plants that could be operated in parallel, but un- 
fortunately, one has a two-phase and the other a three-phase 
generating equipment and distribution system. 

The changing of either one of the systems to conform to the 
other involves considerable expense and a great deal of work and 
inconvenience, besides introducing some delay in completing the 
unification. It may also be desirable to supply the consolidated 
system from one plant and keep the other plant as a reserve or 
standby, at least for some time until the erecting of a central 
power plant is warranted. 
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Under these conditions it is generally the practise to rewind 
the generators whenever this is feasible. This is quite an under- 
taking, usually interfering with the service, and is a useless ex- 
pense if the rewound equipment is only temporary. 

The parallel operation of two-phase and three-phase generators 
or of a two-phase and a three-phase system, or better yet the 
simultaneous distribution through four wires of two-phase and 
three-phase energy, can be effected in a very simple and economi- 


Three-Phase 


Generator *--- -- , Generator 


Fic. 1—ONE PHASE IN PARALLEL 


cal manner, with no alteration or change in the mode of operation 
of the existing equipment, and at very little expense. 


PARALLELING Two-PHASE AND THREE-PHASE GENERATORS 


In this case we have two generators of the same voltage and 
frequency. Phase A of the two-phase generator is in phase with 
phase C of the three-phase generator, as shown in Fig. 1. These 
phases can therefore be connected to each other. 

Phase B of the two-phase generator is 30 degrees from phases 

Ls 


Two-Phase Auto-Transformer : Three-Phase 


Generator Generator 


Fic. 2—PARALLELING Two-PHASE AND THREE-PHASE 
THROUGH AUTO-TRANSFORMER 


D and E of the three-phase generator, and it is necessary to 
swing this phase from 90 degrees of phase A, 30 degrees one way 
and 30 degrees the other, that is, make this phase oscillate to 
keep it in phase with the two other phases of the three-phase 
generator. 

To perform this operation automatically, we interpose between 
the generators an auto-transformer consisting of two transform- 
ers, M and T, each having a single winding, and connect the 
systems as shown in Fig. 2. 
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Each transformer has a 100 per cent winding, the main trans- 
former M is provided with a 50 per cent tap, and the other, 
the teaser T, with an 86.6 per cent tap. They are not connected 
in T but in the form of a cross, with the 86.6 per cent tap of the 
teaser connected to the 50 per cent tap of the main. 

The cross-connected auto-transformer will operate in the well- 
known manner of the Scott-connected transformer for phase 
conversion from two phase to three phase, and vice versa. The 
13.4 per cent of the winding of the teaser operates as an auto 
booster to balance phase B, which otherwise would be short 
13.4 per cent as only 86.6 per cent of its winding is utilized in 
phase conversion. ; 

Fig. 3 shows the two generators connected on a four-wire 
busbar, to which single-phase, two-phase and three-phase feeders 
are connected and can be fed, with either machine operating 
singly or both in parallel. 


2-Phase Single-Phase pila 4 Ph 
ree-Phase 
Feeders Generators 


Two-Phase 
Generators 


Fic. 3—PARALLEL OPERATION OF TWO-PHASE AND THREE-PHASE- 
GENERATORS ON FourR-WtrRE DIsTRIBUTION Bus, THROUGH AUTO- 
TRANSFORMER 


It is obvious that all phases are equally balanced, no matter 
which machine operates, as in the case of a Scott connection. 
The two machines can be located in the same engine room, or in 
different power houses some distance apart, their number and 
size being immaterial, provided they have the necessary charac- 
teristics for their operation in parallel. 

Quarter phase machines (that is, two phase-generators having 
their windings inter-connected) cannot be operated with this 
system, however, as the auto-transformer would short-circuit the 
phases. 


PARALLEL OPERATION WITH HIGH-TENSION SYSTEM 
For the parallel operation of a two-phase and a three-phase 
generating plant with a system of higher or lower potential, 
the two-phase and three-phase generators operating in parallel. 
as in the above case, and at the same time in parallel with a sys- 
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tem of different potential, two other styles of connection can be 
used: 

T-Cross connection. By the addition of a high-tension wind- 
ing to the cross connected auto-transformers, as shown in Fig. 4, 
the three systems can be operated in perfect harmony and with a 
high degree of flexibility and independence. The diagram of 
Fig. 4 is also clear and simple enough, so requires no further 
explanation. 

Delta-Cross Connection. Another system is still more con- 
venient and advantageous.. It consists of three transformers 
connected in closed delta, each transformer identical in size, 
windings and characteristics, and of a capacity corresponding to 
one-third of the requirements. No special taps need be provided 
except the usual 50 per cent taps to be brought out of one trans- 
former only. The three transformers are connected in delta, 


High Tension 
System 


Feeders Generators 


Cross Connected j 
3-Phase 2-Phase slug 2-Phase 3-Phase 


Transformers 
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. Fic. 4—PARALLEL OPERATION OF THREE-PHASE INCOMING OR OUT- 
GoinGc HIGH-TENSION LINE WITH TWo-PHASE AND THREE-PHASE GEN- 
ERATORS ON FouR-WIRE DISTRIBUTION Bus, THROUGH T-CRoss-Con- 
NECTED TRANSFORMERS 


as shown in Figs. 5 and 6, and a booster transformer having 
13.4 per cent the capacity and voltage of one phase of the two- 
phase system, is connected to the 50 per cent tap,of one of the 
transformers, completing the delta-cross connection. 

The three delta-connected transformers, as per Fig. 6, behave 
like Scott-connected transformers through the 50 per cent tap 
of the main, and both phases AB and AC are swung alternately 
30 deg. around; AD, the phase resultant of AB and AC, is 90 deg. 
to phase BC, but with a value of only 86.6 per cent for AB. 
Adding outside of the delta DE, 13.4 per cent of phase AB, 
makes phase AF of the same value in both voltage and capacity 
as each of the others. 

The 13.4 per cent addition (whose capacity is only 6.7 per 
cent that of the bank) ismade to BC by using an ordinary pole 
type transformer connected so as to boost to the proper value. 
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Where potentials higher than 2300 volts are used in the two-phase 
system, a booster transformer with better insulation is naturally 
required. 

Two-phase and three-phase current can be drawn from or put 
into the transformers connected in this style, and two-phase and 


High Tension —_ Delta Cross 


System Connected Feeders Generators 
Transformers 3-Phase 2-Phase 3-Phase 2-Phase 


Delta Connected 
Transformers 


Fic. 5—PARALLEL OPERATION OF THREE-PHASE INCOMING OR OUT- 
GOING HiGH-TENSION LINE WITH TWo-PHASE AND THREE-PHASE 
GENERATORS ON Four-WIRE DISTRIBUTION Bus, THROUGH DELTA-CROSS- 
CONNECTED TRANSFORMERS 


three-phase generators both operated in parallel and with the 
high tension system, with absolute security and flexibility with- 
out affecting the operation of any part of the system. 

Fig. 5 shows the practical operating conditions of such a sys- 
tem that has been in operation for four years with complete 
satisfaction, which consists -of three 500-kv-a., 6600/2300-volt 
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Fic. 6—DELTA-Cross TRANS- Fic. 7—PHASE, VOLTAGE AND 
FORMER CONNECTION CURRENT RELATIONS OF Two- 
: AND THREE-PHASE SYSTEMS 


transformers connected delta-cross. Another installation with 
three 100-kw., 6600/2300-volt transformers connected delta- 
cross has been operating under similar conditions for three 
years, paralleling two generators two miles apart. The two- 
phase generator has been replaced lately by a three-phase ma- 
chine of a larger capacity, and the two-phase apparatus on the 
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line has also been changed to three-phase. The three 100-kw. 
transformers have been kept in the plant and the only change 
made was the removal of the cross of the delta—that is, the small 
booster transformer, as there was no further use for the two-phase 
cumrent: 

Three two-phase systems each 120 deg. apart, and one three- 
phase system, could be supplied through this style of connection 
requiring only six wires, as illustrated in Fig. 6, with each phase 
60 deg. apart; that is, a six phase system could be supplied and 
sub-divided again into six phases making a twelve phase system, 
each with a 30 deg. angle difference. 

The removal of one of the two teaser transformers of Fig. 5— 
that is, operating in open delta—would not interfere with the 
two phase transformation, except that the capacity of the bank 
of transformers would be reduced correspondingly. 

Should the two-phase system be abandoned later, the booster 
transformer can be removed and the bank operated closed delta 
in the ordinary way. 

The diagrams of Figs. 6 and 7 show the principle of the trans- 
formation of three-phase to two-phase. The current of the teasers 
instead of coming to the middle of the main, enters the ends and 
leaves at the middle. A phase displacement of 30 deg. is effected 
or from 120 deg. to 90 deg. The phase so displaced, although 
having the proper angle, has not its original voltage value but 
only that of cosine of 80 deg. The complement is made through 
the booster transformer and is in phase with the phase boosted. 

The three-phase currents are not displaced or affected in any 
way. It is evident that the current circulates in the windings 
and distributes itself automatically according to the resistance 
of the exterior circuits, that is of the two-phase and the three- 
phase system. 

The applications of the systems of transformer connections 
_ described above, are practically unlimited, whether for per- 
manent or temporary installations. 

In the case of an isolated power plant supplying a two-phase 
system of distribution and later fed from a three-phase trans- 
mission line system, no changes are required to the existing local 
distribution system; and yet it can be gradually changed into a 
three-phase system, all new motor installations being three- 
phase. The motors of the old installations when replaced at any 
later time, can be changed to three-phase. The two-phase local 
generating plant can be operated any time without interfering 
in the least with the operation of the entire system. 
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A two-phase and a three-phase installation can be fed from 
one bank of transformers simultaneously, without mutual in- 
convenience. The 86.6 per cent tap on T- or Scott-connected 
transformers, can also be eliminated, as it is very often found 
difficult to provide for a tap of this value, which somewhat 
affects the internal stress of the transformer, while a 50 per cent 
tap is not objectionable. The eliminated complement of the 
86.6 per cent tap can be compensated outside of the transformer, 
so that one transformer has a 100 per cent winding and the other 
115.5 per cent thus restoring equilibrium in phase value. 

The theory of the phase transformation which takes place ina 
system of transformers connected cross-delta, as shown in Fig. 
6, is in a way similar to the dephasing action in T-connected 
transformers. The two-phase system is interlocked with the 
three-phase system, through one of their respective phases, which 
are in phase with each other. See Figs. 1 and 7. 


VOLTAGE RELATION 


Let us connect a three-phase system with a two-phase system 
of the same frequency and voltage, to three transformers having 
the same number of turns and the same impedance, and con- 
nected in closed delta as per Fig. 6, with a smaller transformer 
connected at D, midway between B and C ; this transformer 
either to reduce or increase the terminal e.mf. of line four so 
that the e.m.f. applied between D and A is only equal to EV3/2 
= 86.6 per cent of the three-phase emf. The resultant e.m.f. 
between B and A, and C and A, each 30 deg. from DA, will be 
86.6/ cos 30 deg. = E; that is, equal to and in phase with 
the three-phase e.m.f. between lines one and two, and one 
and three. Between lines two and three, the e.m.f. of the two- 
phase line is equal to and in phase with the e.m4. of the third 
phase of the three-phase, both phases being in phase and inter- 
locked. 

Conversely, if we apply a three-phase voltage to the above 
transformers, the resultant voltage on the two phase side would 
be E = 100 between B and C, or at terminals of line one; and 
E X 0.866 at A and D, or 86.6 to which the small transformer 
DE adds the complement of (E — cos 30 deg.) = 18.4; the ter- 
minal voltage of line four will again be 86.6 + 13:4 = 100 =F. 

If we remove transformer two or one, we will have an open- 
delta three-phase connection and still have the same voltage and 
phase relations between the two systems. 
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The addition of the appendix, DE, forming the cross of the 
delta, serves no other purpose but that of balancing the voltage 
_in one phase of the two-phase system, which can be but 86.6 
per cent that of the three-phase system, the two systems acting 
as if the delta was superposed with a phantom inverted T-con- 
nection, of which 13.4 per cent of the upper end forms the ap- 
pendix at the middle base of the delta, and acts only in combina- 
tion with the short leg of the two-phase systems. 


CURRENT RELATIONS 


We have seen that one phase of the two-phase system is inter- 
locked with at least one phase of the three-phase system. The 
voltage and current of these two phases are therefore in phase, 
the voltages having the same value, but the currents differing by 
a constant ratio throughout the cycle equal to V3/2. 

The angular difference between each phase of the three-phase 
system is 120 deg. while only 90 deg. in the two-phase system. 
The respective angular position of each phase of both systems 
is shown in the crank diagram of Fig. 7. We therefore have 
phases I of each system in phase with each other, and phase IV 
of the two-phase system 30 deg. in advance, or leading phase II, 
and 30 deg. behind or lagging, and in quadrature with sheee 
III, time rotating counter-clockwise. 

To have a better understanding of the dephasing operations 

which have to take place during one cycle or revolution, let us 
consider a three-phase system of 30-kw. and a two-phase system 
also of 30 kw., both connected to a circuit without inductance 
or capacity, each system to satisfy the following conditions: 
30 kw. three-phase = EI V3 or 100 volts and 173.2 amperes per 
phase; 30 kw. two-phase = EI + EI or 100 volts and 150 
amperes per phase; that is, the current in each phase of the 
two-phase system differs V3/2 (or 0.866) with the current in each 
phase of ee three-phase system, and is equivalent to 


ELEws. 
QE 


Connecting the primaries of three 10-kv-a. single-phase 
transformers in closed delta, as shown in Fig. 6, and omitting for 
the time being the secondary windings, these transformers can be 
considered as three auto-transformers with a ratio of 1 : 1. 

These transformers are connected to the three-phase system, 
as indicated in Fig. 6, and in addition, we connect phase I of 
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the two-phase system at B and C, and phase IV at A and 1B, 
where D is equidistant from BC. 

Let us assume that only the two- phase generator is operated 
and that 30 kw. three-phase is required. 

We will have the phase relations of the combined system, as 
shown by the polar coordinates of Fig. 8, from which we see 
that phase I of the two-phase system is parallel and therefore 
in phase and in time position with phase I of the three phase 
system. 

Phase IV of the two-phase system is 90 deg. from phase I 
and exactly half way between phases II and III of the three- 
phase system; that is, leading phase II 30 deg. and lagging 30 
deg. and in time quadrature phase III. In all the diagrams we 
assume the independent variable, the time, rotating counter- 
clockwise. 

Taking the instantaneous values corresponding to time IG 
we have, as shown in Fig. 8, for the three-phase system: 

Phase I, 7 sin 90 deg. at maximum and carrying 173.2 amperes, 

Phase iv 4 sin 60 deg. and carrying 86.6 amperes, 

Phase ITI, 7 sin 60 deg. and carrying 86.6 amperes; 
and for the two-phase system 

Phase I, 7 sin 90 deg. at maximum and carrying 150 amperes, 

Phase IV,z sin 0 and carrying no current. 

Referring to Figs. 6 and 8, we see that the three-phase current 
flowing from O to 7; is 173.2 amperes, and is made up from 150 
flowing in phase I of the two-phase system from O through lines 
I, and passing into the transformers of Fig. 6 from B to C with 


150 
2 cos 30 deg. 


= 86.6 amperes in phases II and III toward O of Fig. 8, making 
again a total of 86.6 + 86.6 = 173.2 from O to T). 

The current values and relations are also shown in crank 
diagram of Fig. 9, the dotted line showing the current in phase 
IV, which at that time is zero. 

Taking another time position, as for 74, where the current in 
phase I of the two-phase and three-phase systems is zero, we 
have the following respective instantaneous values: 

For the three-phase system 

Phase I,z sin 0, carrying no current 

Phase II, 7 sin 30 deg., carrying 150 amperes 

Phase III, z sin 30 deg., carrying 150 amperes, 
and for the two-phase system 


two resultants at 30 deg. in B A and C A, each of 
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Phase I, z sin 0, carrying no current 

Phase IV, z sin 90 deg., carrying 150 amperes. 

Following Figs. 6 and 10, we see that the current flowing 
through 7, has the same value, 150 amperes in phase II and 
III, and at that time it is at maximum, or 150 amperes in phase 
IV, flowing toward O and entering the transformers at A, through 
line 4, where it divides into two halves, each 75 amperes 30 deg. 


19 
cos 30 deg. 
= 86.6 amperes, with a resultant of (86.6 + 86.6) cos 30 deg. 


apart, forming two resultants in A Band A C equal to 
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Fics. 8-15—PoLar AND CRANK DIAGRAMS SHOWING PHASE RELATIONS 
AND CURRENT VALUES FOR Ti, To, T3 AND T, 


= 150 amperes in BC, flowing through JT, of Fig. 10. The 
dephasing action is also shown in the crank diagram of Fig. 11. 
The current in phase I of the two-phase system at T,, being 
zero, is shown in dotted line. 

The splitting and phase relation of phase IV is best shown in 
Fig. 10, where the shaded portion indicates the position of each 
half of phase IV after being dephased, and where one-half is 
shown in time lag quadrature to phase III. ‘The two halves are 
hinged at Oin the polar diagram, or at A in the transformer con- 
nection, and open like a jaw 30 deg. each way as indicated. 
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If we now take time T,, we have the following conditions— 
shown in Fig. 12: 

For the three-phase system 

Phase I, 7 sin 30 deg., carrying 150 amperes. 

Phase IT, 7 sin 30 deg., carrying 150 amperes. 

Phase III, 7 sin 0, carrying no current. 

And for the two-phase system 

Phase I,7s:n 30 deg., carrying 129.9 amperes. 

Phase IV, 7 sin 60 deg., carrying 75 amperes. 

At T. we have different conditions in the two-phase system: 
75 amperes in phase IV in series, and 90 deg. from 129.9 amperes 
in phase I. The resultant of these two currents is 150 amperes, 
as indicated in the crank diagram of Fig. 13, which flow in phases 
I and II of the three-phase system by T2, current in phase III 
being at zero. 

At T3, we have the identical conditions that we had at T. 2, 
except that the current is at zero in phase II, instead of in phase 
III, as shown in Figs. 14 and 15. 

For any other time position during the cycle, the same de- 
phasing process takes place automatically, with the same current 
relations and values corresponding to each angular position of 
the combined system. 

The total power of each polyphase system is: 
for the two-phase system, 


Ee Bees Sige ELEN. 3 ED IN B Pa TX fes 
2 mee 2 
and for the three-phase system, 
<I cos 30° + 5 I cos 30° + E ue BIS) 
VOLTAGE AND PHASE TRANSFORMATION 
Adding a secondary winding of any given ratio of turns to the 
transformers of Fig. 6, and assuming that only half of the total 
30 kv-a. of the bank is used in the feeders, requiring no voltage 
transformation, the other half or 15 kv-a. can be used at a higher 
voltage, the voltage transformation taking place in the ordinary 
way in the secondary windings of the transformers, which can be 
connected either delta, open-delta or star, or any other convenient 
way. The system is necessarily reversible, and power of a higher 
voltage can be transformed to a lower voltage and dephased at 
will. 
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This system of transformer connection lends itself to a great 
number of combinations and answers practically all service 
requirements. 

We might mention that it is possible to wind armatures of 
alternators with a cross-delta connection of Fig. 6, and supply 
two- and three-phase currents from the same generator. This 
style of winding can also be applied to motors which would 
operate with two-phase or three-phase current at will, without 
alteration of the external winding connections. 

In both cases the auxiliary winding necessary to complete the 
delta-cross would be supplied outside of the machine, through 
a small transformer. 
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DiIscussION ON ‘‘DELTA-CRoss CONNECTION OF TRANSFORMERS” 
(Roux), San Francisco, Cav., Sept. 17, 1915. 


E. E. F. Creighton: This double connection of two-phase and 
three-phase is a great convenience where so many of the systems 
in the country are being changed over from two-phase to three- 
phase. There are certain disadvantages in the two-phase sys- 
tem, notably the greater number of surges which occur. With- 
out analyzing the difference, we give it recognition practically 
by the fact that in a two-phase system of the same voltage as a 
three-phase system, we have to use more gaps in series in the 
multi-gap arrester. 

W. A. Hillebrand: This connection described by Mr. Roux 
has been used by the Pacific Gas & Electric Company for at 
least ten years. 

A case came up, three 100-kw. transformers wherein 
the unbalancing of the two-phase load came to as much as 
12 per cent, leading to very considerable distortion, and by 
rearranging connections the transformation unbalance was 
reduced from 12 per cent to 14. 

There is one other point I would like to speak of in con- 
‘nection with Mr. Roux’s analysis of currents that flow in the 
different windings. He has omitted altogether the effect of the 
regulation of the leading and lagging currents. 

L. F. Blume (by letter): The transformation of power from 
three-phase to two-phase or vice versa has been-a subject for 
discussion from time to time ever since the T transformer con- 
nection was introduced. Since then a host of transformer 
connections has been proposed to accomplish the same purpose; 
but in spite of all these proposals there have been but few 
changes from the original method, undoubtedly due to the fact 
that the T connection, in addition to being the simplest of all, 
at the same time is a very efficient method, and very little room 
for improvement was left. 

Mr. Roux in his very interesting paper shows how the T-con- 
nected auto-transformer has been practically applied to the inter- 
connection of two-phase four-wire voltages and three-phase 
‘voltages, in which the two-phase and the three-phase voltages are 
equal. This problem being a particular case of a general proposi- 
tion, the general solution maybe of interest. Figs. 1, 2,3, herewith, 
give the general solution for the four-wire two-phase system, and 
Figs. 4, 5, 6, the general solution for the three-wire two-phase 
system (three-wire L connection). The figures are self-explana- 
tory, and the equations give the currents flowing in sections 
a, b, c, d, of the windings in terms of the two-phase current 
I, the three-phase voltage E, and the two-phase voltage E”. 

In general, seven wires are needed to operate the T connection 
and six wires to operate the three-wire L connection, but, by 
choosing the proper ratio of transformation, these wires may be 
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reduced to four. In the T connection this ratio (two-phase line 
voltage divided by three-phase line voltage) is unity, and 0.707 
in the three-wire L connection, the former being the case dis- 
cussed by Mr. Roux and shown in Fig: 3 of his paper. 

Whether the “ delta-cross ”’ connection as described and shown 
in figures 5, 6, 7, of Mr. Roux’s paper is preferable to the T 
connection would depend entirely on the particular case in- 
volved. Referring to Fig. 5, of his paper, it is evident that for 
three-phase to three-phase transformation, it is a simple delta- 
delta connection. Therefore, if the major load were a three- 
phase load, this connection would be very desirable and prob- 
ably more efficient than the T connection, but if the major load 
were two-phase, the T connection would be superior, since for 
three-phase to two-phase transformation, the delta-cross con- 
nection is not very efficient. 

Moreover, there are several’ disadvantages of delta-cross 
connection which Mr. Roux has not mentioned. First, the 
winding with the 50 per cent tap must have the two halves inter- 
laced with respect to each other, so that the two-phase currents 
which flow in one direction in the one half and in the opposite 
direction in the other half may not introduce undue reactance 
drop. Second, just what the relative capacities of the three 
transformers should be, depend upon the division of the currents 
within the transformers. This, however, cannot be worked out 
without presupposing a definite power factor of load. On the 
assumption that the load power factor in the two-phase and three- 
phase circuits are entirely independent, it is possible to have cases 
where the current in any given winding due to the two-phase 
load is in phase with the current due to the three-phase load. 
This being the case, each winding should be designed for the 
numerical sum of the two-phase and three-phase currents. 
Only when the power factors of the two loads are definitely 
known, would it be safe to use smaller units. On account of 
these limitations, it is doubtful whether transformers unless 
specially designed for the purpose can be economically used for 
this connection. 

An article in the General Electric Review of Sept. 1912 gave 
a general solution for a large number of cases of these connections. 

G. P. Roux: The object of my paper was to present to the 
members of the Institute the benefits of the experience acquired 
in the operation of a multi-phase system of distribution per- 
mitting, without undue complications, to supply two-phase 
and three-phase energy simultaneously through only four wires 
and from one single bank of transformers. These requirements 
were imposed by existing conditions pending changes in dis- 
tribution lines and equipment that could be made only in the 
course of time so as to standardize the system to a three-phase 
distribution, the stand-by generating station remaining, how- 
ever, two-phase. 

This problem was solved very successfully with the use of 
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the delta-cross system of connéction and subsequently applied 
to a number of other similar cases with equally satisfactory 
results. 

Although Mr. Blume entertains technical doubts as to the advis- 
ability of this system of connections and also as to its efficiency, 
I wish to offer as an evidence, a 1500-kv-a. bank of transformers 
—not even specially designed for this purpose, although with 
windings sufficiently interlaced so as to have the same ratio 
of impedance, a feature that we now expect in all transformers 
of modern construction—which has been in successful opera- 
tion now for four years supplying with light and power part 
of a city of 50,000 inhabitants, and it is worthy of note that 
in so far as regulation of either the two-phase or three-phase 
circuits and efficiency are concerned, this system of connection 
has exceeded all expectations. 

Numerous tests made under different operating conditions 
of loads and power factors leave no doubt as to the efficiency 
and convenience of this method of connections for cases where 
two-phase and three-phase currents must be supplied. 


Presented at the Panama-Pacific Convention of 
the American Institute of Electrical Engineers, 
San Francisco, Cal., September 17, 1915. 


Copyright 1915. By A.I.E. 5. 


HARMONICS IN TRANSFORMER MAGNETIZING 
CURRENTS 


BY Jo 9s PETERS 


ABSTRACT OF PAPER 


The purpose of this paper is to show in a concise manner the 
cause and effects of higher harmonic currents in magnetizing 
currents of transformers. 

A hypothetical case is analyzed to show the cause of the 
harmonics; then the schemes of connecting transformers that 
are commonly used for polyphase transformation are taken up 
and ‘the effects of the harmonics on each case pointed out. 

The author also shows the reason why third-harmonic volt- 
ages are not developed in the three-phase ‘‘ core type’’ trans- 
former when connected star-star. 


l IS well known that the higher harmonics in the mag- 
netizing currents of transformers under certain conditions 
of operation produce badly distorted voltage waves. In general, 
the methods used to show the causes of these higher harmonics 
and the distortions which they produce have been rendered ob- 
scure by rather complex mathematics. The object of this 
paper is to present the problem in a more simple form with- 
out any complex mathematics so that the general principles 
involved may be understood with a minimum of effort on the 
part of the reader. Those points that require a special study 
are more thoroughly discussed in an appendix. 

The permeability of sheet steel used in the construction of 
electrical apparatus changes as the magnetic flux density in- 
creases so that the rate of variation of the latter is less than 
that of the magnetizing current producing it. The induced 
voltage in the secondary and also the counter electromotive 
force in the primary of a transformer are proportional to the 
rate of change of the magnetic flux enclosing these windings. 
The rate of change of a sine function is a sine function 90 de- 
grees later in time phase. Therefore, to produce a voltage 
having a sine wave, the rate of change in the magnetic flux 
also must be a sine wave. 

On account of the change in permeability of the iron at 


2157 


2158 PETERS: TRANSFORMER CONNECTIONS _ [Sept. 17 


different flux densities, the magnetizing current producing a 
sine wave of magnetic flux cannot itself be a sine wave. It 
has been found by analysis that the magnetizing current of a 
transformer producing a sine wave of voltage has a consider- 
able third harmonic component. It also contains the higher 
odd harmonics (5th, 7th, 9th, etc.), but to a much less degree. 

That the magnetizing current must contain a comparatively 
large third-harmonic component is shown by the following: 
A comparatively small current is required for the first part of 
the magnetic flux cycle, the density being low, while as the 
maximum flux density is approached a much larger current in 
proportion is required. Therefore, the current wave necessary 
to produce a sine wave of flux will be peaked. There will be 
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only one peak per half cycle corresponding to the maximum 
flux density, and this peak must be made up largely of a har- 
monic that has but one maximum value, in the proper direc- 
tion, per half cycle of the fundamental. The third harmonic 
has one and one-half cycles per half cycle of the fundamental 
and it is so located that its one maximum occurs a little later 
than the fundamental maximum. The other two maxima 
of the third suppress the fundamental in the first and last part 
of the half cycle. If some harmonic higher than the third had 
a considerable magnitude, the result would be that two maxima 
per half cycle would be produced in the magnetizing current. 
This could not produce a sine wave of voltage. 

In Fig. 1, a@ represents the magnetizing current of a trans- 


1915] PETERS: TRANSFORMER CONNECTIONS 2159 


former. It is the resultant of a component at fundamental 
frequency b, a third harmonic component c, and a fifth har- 
monic component d. The magnitude of ¢ is 40 per cent of the 
fundamental, and d is 10 per cent of the fundamental. The 
harmonics higher than the fifth were neglected for simplicity. 
The magnetizing current of a transformer does not contain 
any even harmonics. This is obvious from the fact that the 
plus and minus half waves of a complete cycle of magnetizing 
current are the same. That is, it takes the same value of cur- 
rent to magnetize the core in one direction as it does in the 
other. Therefore, all the harmonics as well as the fundamental 
must at the beginning of the second half cycle be of the same 
value but in the direction opposite to that at the beginning of 
the first half. Only odd’ harmonics will satisfy this condition. 
While the fundamental passes through 3 cycle, the third 
harmonic passes through 14 cycles and the fifth harmonic 
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through 23 cycles, etc. All odd harmonics end with an odd 
number of + cycles and are therefore in the same relative posi- 
tion, but in the direction opposite to that at the beginning of 
the first half cycle. If the magnetizing current does not con- 
tain all of the harmonics necessary to produce a sine wave of 
voltage, then the voltage will contain those harmonics which 
the magnetizing current lacks, and possibly more. For ex- 
ample, when the magnetizing current does not contain the 
necessary third-harmonic component, the induced voltage con- 
tains a third-harmonic component. 

A convenient means of showing the effect of changes in the 
shape of a magnetizing current wave is to plot the hysteresis 
loop and from this and the modified wave of magnetizing cur- 
rent construct the magnetic flux wave. The hysteresis loop 
corresponding to the magnetizing current wave shown in Fig. 1, 
(a), is plotted in Fig. 2. The abscissas OA, OB, OC, etc., in 
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the hysteresis loop equal the corresponding ordinates O’A’, 
O'B’, O'C’, in the magnetizing current wave. The wave shown 
in dotted line is the resultant magnetic flux wave. The method 
of construction is obvious from a brief scrutiny of this figure. 

By following the same methods in Fig. 3, it is shown that 
when the magnetizing current is a sine wave, the magnetic 
flux is not a sine wave but is of the shape indicated by the 
dotted line. The magnetic flux wave for this figure was con- 
structed from a sine wave magnetizing current and the hy- 
steresis loop. 

The analysis of this flux wave (see Appendix) gives a funda- 
mental component of 17.62 sin (6 — 0.8 deg.), a third harmonic 
component of 3.9 sin (360 —5 deg.) and a fifth harmonic com- 
ponent of 2.2 sin (50 — 24.3 deg.) ‘Where 6 is the time angle 
in degrees and 0.8 deg., 5 deg. and 24.3 deg., are the angles at 
which the fundamental, third and fifth respectively lag behind 
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the composite wave. This composite wave also contains odd 
harmonics higher than the fifth, but they are not taken into 
consideration here as previously stated. 

The voltage produced by the magnetic flux shown in Fig. 3 
is proportional to the rate of change, that is, the differential 
of the composite magnetic flux wave. The differential of this 
wave gives for the fundamental 17.62 cos (6 — 0.8 deg.), for the 
third harmonic component 11.7 cos (80 — 5 deg.), and for the 
fifth harmonic 11 cos (50 — 24.3 deg.). It will be noted that 
the third-harmonic component of voltage for the above case 
with a sine wave of exciting current is 65 per cent as great as 
the fundamental and that the fifth-harmonic component of 
voltage is 62.5 per cent as great as the fundamental. 

In practically all schemes of connecting transformers for 
transmission purposes, the proper composite exciting current 
is supplied, in which case large higher harmonic voltages are not 
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developed in the windings. In a comparatively few cases, 
however, it is not possible to draw the proper magnetizing cur- 
rent and consequently in these cases the higher harmonic volt- 
ages do exist. An effort will be made in the following to show 
how the magnetizing currents are supplied for the different 
schemes of connections and types of transformers and where 
harmonic voltages will appear. 

The most frequent scheme of connecting transformers is three 
single-phase units connected into a three-phase bank in delta 
on the low-voltage side and in star on the high-voltage side. 
Assume that a bank so connected is used to step the voltage 
down, and that the magnetizing currents for each of the three 
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units are as indicated by Fig. 1 (a). The magnetizing currents 
then for each phase contain, in addition to the fundamental, 
a third- and a fifth-harmonic component. Since the trans- 
formers are connected in three-phase relationship their voltages 
are 120 degrees apart and, therefore, their magnetizing currents 
are 120 degrees apart. The magnetizing currents for the three 
units are shown in their proper phase position in Fig. 4(a). 
The three leads feeding the bank carry the current both to 
and from the transformers and, therefore, the resultant of the 
current in the leads must at all times be zero. But the result- 
ant of the magnetizing currents for all three units in this case 
is, as shown in the appendix to this paper, 1.2 sin (30 — 83), 
where {3 is the angle at which the third harmonic component 
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lags behind the composite wave. This resultant is not zero; 
therefore it will be seen that not all of the magnetizing current 
for this connection can be supplied through the three leads: 
The resultant current is shown dotted in Fig. 4 (a), which is 
obtained by combining the three waves. 

It will be noted that this resultant current is at triple the 
fundamental frequency and that its magnitude is three times 
as great as the third harmonic component of magnetizing cur- 
rent for each phase. If the other higher harmonics of the 
magnetizing current had been taken into account (7th, 9th, 
11th, etc.) in the above analysis it would be found that they 
all would be drawn from the line except the third and odd 
multiples of the third (9th, 15th, etc.). Therefore, the neces- 
sary third-harmonic component and its multiples to produce a 
sine wave of voltage must be supplied in some other manner 
for this scheme of connections, since they cannot be drawn 
from the line. 


In Fig. 4, (6), at 1, 2, and 3 are plotted the third harmonic 
components of the magnetizing currents for the three phases 
in their proper phase position with respect to the composite 
waves shown in the same figure at (a). It will be seen that 
these third-harmonic currents are all in the same direction at 
corresponding points. In Fig. 5, which is the star-delta scheme 
of connection, the arrows indicate the instantaneous directions 
in which the third harmonic currents should flow in the primary 
or star side. Since the third harmonic currents of all three 
phases are in phase with each other they have no return path 
in a star-connected circuit, therefore they cannot flow. Con- 
sequently third-harmonic voltages will be generated due to the 
absence of the third-harmonic currents. These voltages are 
all in the same direction since their components of the magnet- 
izing currents are all in the same direction. 

The generated or induced third-harmonic voltages appear 
in both the primary and secondary windings, but the delta- 
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connected secondary forms a closed local circuit for its third- 
harmonic voltage. Consequently, a third-harmonic current 
will circulate around this circuit and produce a third-harmonic 
magnetic flux which will cut both the primary and secondary 
windings. This flux will generate in both windings a counter 
third-harmonic voltage approximately equal and opposite to 
the one caused by the absence of the third-harmonic current in 
the primary. This results in cancelling all of the third-har- 
monic voltages, except that due to the reactance of the trans- 
former which is generally so small that it is of no consequence. 

It is evident from the foregoing that the third-harmonic com- 
ponent of the magnetizing current for a bank of transformers 
connected star-delta is supplied by a circulating current in the 
‘closed delta: If the units forming the bank require different 
values of third-harmonic currents, then, since the circulating 
current is the same in all three phases, one or two phases will 
be over-supplied with this component of current while the other 
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phases will be under-supplied. This will result in inducing a 
third-harmonic voltage of small value in all three phases. 

It would be found by a similar analysis that the 9th and 
15th harmonic currents and all odd multiples of the third are 
supplied by a circulating current in the secondary, while all 
other odd harmonic currents are drawn from the line. The 
magnitude of this circulating current is such that when it is 
multiplied by the secondary turns the product is equal to that 
of the required harmonic current in the primary multiplied by 
the primary turns. That is, the magnetomotive force is the 
same whether supplied by the primary or by the secondary, 
therefore the star-delta connection relieves the primary of a 
part of the magnetizing current and adds it to the secondary. 

If this bank be fed by another bank of transformers con- 
nected in star on the secondary side with its neutral grounded, 
then grounding the neutral of the step-down transformer bank, 
as shown in Fig. 6, produces closed circuits in the star-con- 
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nected side through which the third-harmonic component of 
the magnetizing current can flow. These circuits for each 
phase consist of one line, the windings in each bank connected 
to this line, and the earth. The third-harmonic current car- 
ried by the ground connection is the sum of the third-harmonic 
currents in the three star-connected phases. With this con- 
nection a part of the third-harmonic component of the mag- 
netizing current will circulate around the closed circuit in the 
delta connected secondary and a part will be drawn from the 
line using the earth as a return. The division of current be- 
tween these two circuits depends upon their relative imped- 
ances. The difference in the magnitude of the third-harmonic 
currents required for the different phases of the bank, so con- 
nected, will be supplied through the grounded neutral. If the 
neutral of the secondary of the step-up transformer bank is not 
grounded then grounding the neutral of the step-down bank 
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will have no effect on the distribution of the third-harmonic 
component of the magnetizing current. 

If a star-delta bank of transformers is fed directly by a star- 
connected generator and the neutral of generator and bank of 
transformers are connected together as shown by Fig. 7, then 
if the generator contains a third-harmonic voltage, this voltage 
will cause an additional third-harmonic current to circulate 
in the transformer and generator windings. The magnetizing 
current for this scheme of connections will be supplied in the 
same manner as when the source of supply is a bank of trans- 
formers with their secondaries connected in star, with its neutral 
grounded, as well as the neutral of the step-down bank, but 
the third-harmonic voltages of the generator are impressed on 
the transformers between line terminals and neutral. 

The third harmonic voltages from the different phases of 
the generator are all in the same direction since the generator 
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voltages of fundamental frequency are 120 degrees apart, and 
therefore, the third-harmonic voltages 3 < 120 or 360 degrees 
apart. These voltages are impressed on the primaries of the 
transformers, which in turn induce corresponding voltages in 
the secondaries. The secondaries being connected in delta, 
their windings and connections between phases produce a closed 
local circuit for the induced third-harmonic voltages, conse- 
quently a third-harmonic current will circulate. The magni- 
tude of this circulating third-harmonic current is determined 
by the total third-harmonic voltages of the generator and the 
combined impedance of the transformer bank and generator. 

This current may be of considerable magnitude, for example: 
Assume that the normal output of the bank of transformers is 
small as compared with that of the generator, which is often 
the case when one generator feeds a number of independent 
lines, each having its own transformer bank. Insuch cases the 
generator impedance may be negligible when compared with 
that of one bank of transformers. Assume further that the 
generator has 10 per cent inherent third-harmonic voltage in 
each phase and that each transformer in the bank has 4 per 
cent inherent impedance at fundamental frequency, then at 
triple frequency the total impedance per phase will be approxi- 
mately 3X 4, or 12 per cent; consequently, a third-harmonic 
current of 10/12 = 88 per cent of the normal transformer full 
load current will circulate in the primary and secondary of each 
transformer in the bank. The paths for these circulating 
currents on the generator side are over the line between gen- 
erator and transformer terminals, through the transformer 
primaries, and back to the generator through the neutral con- 
nections. The current carried by the neutral connection will 
be the sum of the three currents in the phases. On the second- 
ary or delta side of the transformer bank, the third-harmonic 
current will circulate around the circuit produced by the trans- 
former windings and the connections between phases. 

If the bank of transformers had been connected delta-delta, 
the magnetizing currents would have been supplied in a similar 
manner, except that a part of the third harmonic current would 
circulate in the primary local circuit and a part in the second- 
ary, dividing up in inverse proportion to the impedance of the 
two windings. If the bank had been connected delta-star, all 
of the third-harmonic magnetizing current would have cir- 
culated in the primary local circuit. 
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With the bank connected star-star as shown by Fig. 8, the 
third harmonic component cannot flow, since it cannot be drawn 
from the line and there is no closed local circuit in which it can 
circulate. Consequently, a third-harmonic voltage will appear 
in both primary and secondary windings between the neutral 
points of the bank and the lines. 

Since the third-harmonic component of magnetizing currents 
are in the same direction in all three phases, and the voltage 
produced by a magnetizing current is 90 degrees later in time 
phase, it follows that the third harmonic voltages are in the same 
direction in all three phases. The neutral point of the bank, there- 
fore, does not. remain at zero potential but oscillates around 
the zero point at triple frequency. « The voltages of the star- 
star-connected bank are represented in Fig. 9 by means of the 
crank diagram. The three fundamental voltages are repre- 
sented by the vectors Ai, B, and Ci, which are 120 degrees 
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apart. The neutral of the three-phase vector is located on 
the end of the third-harmonic voltage vector. There is only 
one third-harmonic vector, since the third-harmonic voltages 
of all three phases are in the same direction and, therefore, 
coincide. The voltage waves are constructed in the usual 
manner by rotating the radial vector in the direction indicated 
by the arrow, and projecting points out to corresponding points 
of time on the time angle axis, the third-harmonic vector, of 
course, being rotated three times as fast as the fundamental. 
The wave shown from 1 to 2 is that of the neutral point. . From 
2 to 3 are the composite waves of all three phases. 

The voltage between lines, say A to B, Fig. 8 is the voltage 
from O to A, minus the voltage O to B, therefore, the voltage 
between lines A and B is the difference between wave A and 
wave B in Fig. 9. This voltage wave is shown dotted. It 
will be noted that this resultant is a sine wave and that it is 
173 per cent of the fundamental in either phase OA or OB. 
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Therefore it is evident from the above that, although there 
are third-harmonic voltages in the phases of a star-connected 
bank, they do not appear in the line. They do, however, pro- 
duce extra stresses in the insulation of transformers. 

If the primary neutral point of the bank is grounded and the 
secondary neutral of the step-up bank is not grounded, these 
third-harmonic stresses will appear between coils and ground. 
Also, since the neutral point is pulsating or rotating around the 
zero point, it is obvious that the whole system is made to pul- 
sate above and below ground an amount equal to the third- 
harmonic voltage in the phases. This may be of a dangerous 
value from the standpoint of charging current and also from 
the standpoint of static disturbances in neighboring communica- 
tion lines. From. the standpoint of charging current, let us 
assume that the third harmonic voltage is 50 per cent as great 
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as the phase voltage of fundamental frequency. Then, since 
it is at triple frequency the charging current due to it will be 
350 or 150 per cent as great as that produced by the same 
voltage at fundamental frequency. 

The third harmonic voltages in a star-star connected bank 
of transformers can be eliminated by providing a small winding 
in each phase and connecting these windings in delta. The 
third harmonic magnetizing current will then circulate in this 
winding in the same manner, and due to the same cause, as it 
does in the secondary of a star-delta connected bank. If the 
neutral point of the star-star connected step-down bank of 
transformers is grounded on the primary side, and the neutral 
of the step-up bank is grounded on the secondary side, as 
shown by Fig. 10, then there is a complete circuit through 
the lines and neutral connections for the third-harmonic com- 


2 
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ponent of the magnetizing current and consequently the third- 
harmonic voltages will be eliminated from the transformers. 
This will of course eliminate electrostatic induction but the 
three triple frequency currents in phase in the lines and re- 
turning in the earth may cause electromagnetic disturbances 
in neighboring lines. 

Transformers are sometimes connected in open delta or “‘ V ” 
for three-phase transformation. This scheme of connection is 
shownin Fig.11 (a). Themannerin which the third harmonic 
components of the magnetizing currents are supplied is very 
similar to that of the delta-connected bank. The phase voltages 
of fundamental frequency are 120 degrees apart, and therefore 
the third-harmonic components of the magnetizing currents are 
3 X 120, or 360 degrees apart. That is, they flow in the same 
time phase, as indicated by the arrows. With this connection, 
unlike the conditions with a closed delta, the third harmonic 


b Step Down 


Fic. 10 


component of the magnetizing current is drawn from the line 
through leads A and C and, therefore, must pass through the 
impedance of the line and generator or source of supply. Con- 
sequently there will not be quite sufficient third-harmonic current 
and a third harmonic voltage will exist in the phases. In most 
cases these third harmonic voltages areof small value and of 
little or no importance. 

Fig. 11 (0) shows a three-phase-two-phase connection mag- 
netized from the three-phase side, and at 11 (c) is shown a 
three-phase T-connected bank. In both of these cases the 
magnetizing currents for the transformers are 90 degrees apart 
in time phase, and therefore, the third-harmonic currents are 
3 X 90 or 270 degrees apart. With these connections lead A 
carries the magnetizing current for one phase and B and C the 
magnetizing current for one phase plus one-half of the current 
from the other phase combined at 90 degrees; thatis, V1 + 0.5?= 
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113 per cent of the current for one phase. In these connections 
like the V, the third harmonic current flows through the im- 
pedance of the line. Therefore, a small third harmonic voltage 
may exist. 

The foregoing considerations were based on the banks being 
made up of single-phase units connected for polyphase transfor- 
mation. If the three phase-banks consisted of three-phase units 
of the so-called “shell form,” the conditions with respect to mag- 
netizing currents and higher harmonic voltages would be sub- 
stantially the same as for single-phase units connected in the 
same relation. In the three-phase shell form of construction, 
the magnetic circuits for the three phases are built up as one unit. 

The electrical connections for the 


= Cc A 
hae DEY SC \/ middle phase are reversed as shown 
7 ec." a in Figs. 5 (a) and 8 (a), so as to place 
ae SWA the magnetic flux of this phase 60 
(a) degrees from the fluxes of the phase 
A on either side. The object of this 
ae ae ike reversal is to decrease the neces- 
a1 B)iface, if sary area of the magnetic circuit be- 
; a;—t», tween phases. Each phase of the 
(b) unit has a magnetic circuit com- 
A pletely surrounding it and conse- 
a Nee orb | quently there are no interchanges of 
: aga a magnetomotive forces from one phase 
c » to another. But if the three-phase 
=i A banks consist of three-phase units of 


the core type construction, the 
conditions with respect 0 magnetizing currents and higher 
harmonic voltages in the star-star-connected bank are con- 
siderably changed. 

With the latter type of construction the magnetic circuit 
for the three phases are mutually connected, in that the 
magnetic flux of any one phase has its return path through 
the other two phases. Now since the magnetic fluxes go and 
return through the same three cores it is evident that the 
resultant of the three fluxes in any one direction must at 
all times be zero. But, if there are any third-harmonic voltages 
in the phases due to the absence of the third-harmonic magnet- 
izing currents in the star-star-connected unit they are induced 
in the same direction in all three phases and, therefore, their 
third-harmonic magnetic fluxes are all in the same direction. 
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This would require that the third-harmonic flux return outside 
of the cores through high-reluctance paths. They would conse- 
quently be of very small value. 

It would appear from the above that third-harmonic voltages 
which are due to the absence of the third-harmonic component 
of magnetizing currents in the star-star connection are prevented 
in the three-phase core form units by the high-reluctance return 
paths of the third harmonic magnetic fluxes. But this is not 
strictly true; what really happens is that the deficit in magneto- 
motive force in parts of the cycle in each phase is supplied by the 
other two phases. Fig. 12 
shows three magnetomotive 
force waves 1, 2, and 3, 120 
degrees apart. (a) is the re- 
quired wave of magnetomo- 
tive force to produce a sine 
wave of magnetic flux. (0) is 
the third-harmonic compo- 
nent of the required magneto- 
motive force wave, and (c) 
is the magnetomotive force 
wave that is drawn from the 


Fie. 12 


line. It is wave (a) minus wave (b). Referring to point m, it 
will be seen that (c) in 1 is lacking sufficient magnetomotive 
force, while 2 and 3 at the same point have a surplus of mag- 
netomotive force. Consider this point on the cycle to be such 
as to have a magnetic flux up through core A in Fig. 13, and 
down through Band C. The extra magnetomotive force tending 
to produce the surplus of flux down through B and C will be 
expended in supplying the deficit up through A, A being 
the return path for Band C. In this way there is an interchange 
of magnetomotive forces between phases, which results in the 
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production of sine wave of magnetic flux and, therefore, sine 
wave of voltage in all three phases. 


APPENDIX 


In analyzing the magnetic flux wave of Fig. 3, the first half 
of the cycle was divided into 15 parts and the heights of the y 
ordinates for the different parts were measured. These measured 
values together with the time angle and its sine and cosine values 
are given in Table I, II and III. Table I gives the data for the 
fundamental component, Table II for the third harmonic and 
Table III for the fifth harmonic component. The first column 


TABLE I. 
MAGNETIC WAVE ANALYSIS FOR FUNDAMENTAL COMPONENT 


6 y Sin @ Cos @ y sin 0 y Cos 6 
0. 0. Oz P20) 000 0.00 

i2s 8.7 0.208 0.978 1.81 8.51 

24. Ltrs 0.407 0.914 4.76 10.70 

36. 13.0 0.588 0.809 7.64 10.51 

48. 13.9 0.743 0.669 10.20 9.30 

60. 14.65 0.866 0.500 12.70 7.32 

(Pe 14.9 0.951 0.309 14.18 4.60 

84. 15.0 0.995 0.105 14.92 ORGY 6 

96 14.9 0.995 — O10: 14.82 dl 6 fa65) 

108 14.65 0.951 — 0.309 13.92 = 4.54 

120 14.2 0.866 — 0.500 12.30 eresil(s) 

132 13.8 0.743 — 0.669 10.26 = erty 

144 13 0.588 — 0.809 7.65 — 10.50 

156 12 0.407 — 0.914 4.88 — 10.95 

168 10.6 0.208 — 0.978 2.20 Ona 

180 7.5/132.24 = 1.75 +7.5 = —0.234 

17.62 


contains the time angles, the second column the y ordinates 
corresponding to the time angle in column 1. Column 3 con- 
tains the sine and column 4 the cosine of the time angles. Col- 
umns 5 and 6 are the products of the sines and cosines respec- 
tively of the time angle and the y ordinates. Columns 5 and 6 
are added and their sums divided by 74. The quotients give 
the respective sine and cosine components of the separate har- 
monics. 

From Table I, the fundamental wave is made up of 17.62 
sin 6 — 0.234 cos 0= 17.62 sin (0 — 0.8 deg). 

From table II, the third harmonic component is made up of 
3.88 sin 36 — 0.343 cos 36 = 3.9 sin (36 — 5 deg.), also from Table 


i 
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III, the fifth harmonic is made up of 2 sin 58 — 0.905 cos = 50 
2.2 sin (50 — 24.3 deg.) 
The resultant of the magnetizing currents of three pfhased 


TABLE II. 
MAGNETIC FLUX ANALYSIS FOR THIRD HARMONIC COMPONENT 
0 4 Sin 36 Cos 3 6 y sim-3.0. >? y cos 36 
0. 0. 000 +1.000 0.00 000 
i, 8.7 +0.588 +).809 + 5.10 |4- 7400 
24. inhey/ +0.951 +0.309 MUG TT aly B/E Tee 
36. 13.0 +0.951 —0.309 +12.40 |— 4.02 
48. 13.9 +0.588 —0.809 + 8.19 |—11.25 
60. 14.65 0.000 —1.000 0.00 |—14.65 
Xs 14.9 —0.588 —0.809 — 8.78 |—12.02 
84. 15.0 —0.951 —0.309 © =-14.30 |— 4.65 
96 14.9 —0.951 +0.309 —14.20 |+ 4.60 
108 14.65 —0.588 +0.809 — 8.60 |+11.80 
120 14.2 0.000 +1.000 0.00 |+14.20 
132 ee} +0.588 +0.809 + 8.10 |+11.10 
144 13.0 +0.951 +0.309 +12.38 |+ 4.01 
156 Te +0.951 —0.309 +11.40 |— 3.70 
168 10.6 +0.588 —0.809 + 6.23 |— 8.60 
7.5/29.04 |-9.57+7.5= —0.343 
180 3.88 
TABLE III. 
MAGNETIC FLUX ANALYSIS FOR FIFTH HARMONIC COMPONENT 
6 y Sin 56 Cos 50 y sin 50 y cos 50 
0 0.00 000 +1.00 0.00 000 
12 8.7 +0.866 +0.50 + 7.52 |+ 4.35 
24 ibe Y4 +0.866 —0.50 +10.20 |— 5.85 
36 13.0 000 —1.00 000 —13.00 
48 13.9 —0.866 —0.50 —12.05 |— 6.95 
60 14.65 —0.866 +0.50 —12.70 |+ 7.37 
72 14.9 000 +1.00 000 +14.90 
84 15.0 +0.866 +0.50 +13.00 |+ 7.50 
96 14.9 +0.866 —0.50 +12.90 |— 7.45 
108 14.65 000 —1.00 000 —14.65 
120 14.2 —0.866 —0.50 —12.30 |— 7.10 
132 13.8 —0.866 +0.50 -11.90 |+ 6.90 
144 13.0 000 +1.00 0000 + 6.50 
156 12.0 +0.866 +0.50 +11.22 |+ 6.00 
168 10.6 +0.866 —0.50 + 9.18 |— 5.30 
7.5/15.07 | —6.78 +7.5 =~0.905 
180 2.0 


120 degrees apart when the current of each phase is made up of 


1 sin (0 — 6:1) + 0.4 sin (80— B;) + 0.1 sin (50 — B,) is as 


follows: 
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Fundamental Third harmonic Fifth harmonic 
Phase A, 1 sin (@ — 6:1) + 0.4sin (30 — 83) + 0.1 sin (56 — Bs). 
Phase B, 1 sin (@ — 6: + 120) + 0.4 sin (30 — 63 + 360) + 0.1 sin (58 — Bs +600) 
Phase C, 1 sin (@ — 61 + 240) + 0.4sin (30 — Bs + 720) + 0.1 sin (50 — Bs +1200) 


First adding the fundamental, 


sin (6 — B1) + sin {(@ =P Bi) + 120} + sin {(@ =) 8) + 240} = 

sin (@ — 6:1) — sin (@ — B1) + 0.866 cos (@ — Bi) — } sin (0 — Bi) — 
0.866 cos (@ — 61) = 0. 

Adding the third-harmonic components, 


0.4 sin (38 — 83) + 0.4sin } (30 — Bs) + 360} + 0.4 sin {(38 — Bs) + 720} = 
0.4 sin (36 — 83) + 0.4 sin (30 — 63) + 0.4 sin (30 — B83) = 1.2 sin (36 — B3) 
Adding the fifth-harmonic components, 


0.1 sin (56 — 65) + 0.1 sin {(50 —"B5) + 600} + 0.1 sin {(50 —85) + 1200} = 


0.1 sin (50 — 85) — 0.05 sin (56 — 85) — 0.0866 cos (58 — Bs — 0.05 sin (50 — Bs) + 
0.0866 cos (56 — 85) = 0. 


Therefore, the resultant for the three phases is equal to 
1.2 (386 — Bs).. 


a 
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DiscussIoN ON ‘“‘ HARMONICS IN TRANSFORMER MAGNET- 
IZING CURRENTS” (PETERS), SAN FRANCISCO, CAL., SEPT. 
17, 1915. 


D. I. Cone: In the paper by Mr. Peters there is discussed 
the case of a bank of receiving transformers supplied over a 
line energized by another bank. It is stated that if the line 
sides of the banks are connected in star and their neutrals 
grounded, a path is furnished for third harmon'e currents, in 
phase in the three  line-wires. 

It is desirable to further examine the conditions governing 
the third harmonic current in the lines; especially since in 
Fig. 6 of the paper, there is inconsistency among the arrows 
purporting to represent it. 

Consider first the case where both banks are connected star- 
star with neutrals isolated. The fundamental induced e.m-.f. 
in each transformer of the receiving bank, is, neglecting the 
effect of the line, practically equal and opposite to the induced 
e.m.f. in the corresponding transformer of the supply bank. 
Therefore, if the transformers are similar in character, the 
induced third harmonic e.m.fs. in the two banks will also 
be practically equal and opposite in phase. Hence prolate 
the line-side neutrals will not cause a third harmonic current 
to circulate through the two banks, the wires in parallel and 
the earth, since there is no resultant e.m.f. to cause such a 
current. This fact can be otherwise pictured as follows: 

Grounding the line-side neutral of the supply bank causes 
the voltages from line-wires to ground to be distorted in such 
manner that no third harmonic magnetizing current is required 
in the receiving transformers in order to induce the necessary 
counter e.m.f. 

Evidently, in practise, where there are differences in char- 
acteristics among the several transformers, and where the 
fundamental induced voltages in corresponding phases of the 
two banks are only approximately opposite in phase, there 
will be resultant third harmonic e.m.fs. causing circulating 
neutral currents. This effect is, however, a differential, rather 
than a cumulative one. 

The result is, that the lines are maintained at a third har- 
monic potential difference from ground. If the length of line 
is such that the admittance from the three wires in parallel 
to ground is considerable, there will be an appreciable neutral 
current, the two transformer banks operating as third harmonic 
generators in parallel. The same reasoning holds for the case 
where the station-side windings of both transformer banks 
are connected in delta. In this case the presence of third 
harmonic circulating currents in the deltas in general, greatly 
lessens the third harmonic voltage on the line-wires. 

Another case which occurs is where the supply bank is con- 
nected star-star, and the receiving bank star-delta. In this 
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case, grounding the line-side neutrals affords a path for the 
third harmonic magnetizing current of the star-star bank 
through the line-wires, the line side of the star-delta bank and 
the earth, for the star-delta bank is short-circuited to currents 
in phase in the three line-wires. The case is the same if supply 
and receiving banks are interchanged. It is shown in Fig. 10 
of the paper. 

The effectiveness of the third harmonic current in reducing 
the third harmonic induced voltage depends on its phase. If 
the third harmonic current is leading, it tends to accentuate 
the third harmonic voltage rather than to decrease it. This 
reaction is discussed in some detail in the Proc. A. I. E. E., 
May, 1914, by Mr. Blume. 

It seems worth while in this connection to plead for a careful 
distinction in usage between the exciting current and its com- 

: ponents, the magnetizing cur- 
rent and the energy current, 
in quadrature and in phase, 

pen nd at he respectively, with the im- 

Fic. 1 (VottTacE Ratio 1:K) pressed voltage. 
K?L, KM L>-KM H. S. Osborne (by letter): 
A determination of the dis- 


LiQMBSL, — (High.Side) 


KM a . . 
tribution in three-phase sys- 
tems of the third harmonic 
Fic. 2 components in the magnetiz- 


ing currents of transformers 
or of other harmonic com- 
ponents of the magnetizing 
currents, is facilitated by the 
method of analytical treat- 
Fie, 3 ment given below. 

It is customary for convenience in computations to represent 
transformers by H networks representing the equivalent one- 
to-one transformers. This is illustrated in Figs. 1 and 2, in 
which the transformer of Fig. 1 having a voltage ratio of K 
to 1, is represented by the network of Fig. 2, where the imped- 
ances are all referred to the high-voltage side of the transformer. 
The series branches of the H are merely the primary and sec- 
ondary leakage impedance, and the bridge is the mutual in- 
ductance, or more accurately, the mutual impedance. ~ 

The behavior of any harmonic component of the magnetizing 
current can be computed by assuming the component to arise 
from the occurrence of a generator in series with the bridge 
impedance, as shown in Fig. 3. The voltage E of the fictitious 
generator is the component of this frequency in the terminal 
voltage of the transformer when the corresponding component 
of the magnetizing current is totally suppressed. The mutual 
impedance N for the component under consideration is the 
ratio of voltage E to the current I of the same frequency which 
would flow in the magnetizing current if it had no external im- 
pedance to overcome. 
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With any external primary and secondary impedances c and 
d the current flow of the particular component and the cor- 
responding primary and secondary terminal voltages are approx- 
imately as follows: 


. V1 ; 
y= f= 1 
; : (1) 
: Yo 
tg =] 2 
2 5 (2) 
eet ule 
Late Tera 
where a and 6 are primary and secondary leakage impedances. 
Anite. 
Yn me N 
1 
Medi ite Ae 
ppd 24 


y = V1 + ye + Vn 


These equations are of particular interest applied to the 
third harmonic component of the magnetizing current of three- 
phase banks of transformers. The equations apply to one 
transformer of the bank. The different usual connections give 
the following special equations: 

(1). Delta-Delta. 

In this case c and d are both zero, and J divides between the 
primary and secondary inversely as a and 6, the leakage im- 
pedances. 

(2) Delta-Star. 

In this case c = 0 

The voltage on the star side on open circuit (per transformer) 
is approximately 


Ey = E> (6) 
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and this regulates through the impedance of approximately 


z2=a+b (6) 
(8) Star-Star 
Equations (1) to (4) apply. 


If the primary side is non-grounded, ¢ becomes nearly in- 
finite and the open-circuit voltage on the other side is 


pW Nel (7) 
and the voltage regulates through an impedance 
z= N+ b= N approx. (8) 


The use of these equations can perhaps best be illustrated 
by. an example. 

In the case of grounded star windings, impedances c and d 
are impedances per wire between the power line and ground, 
and for transposed lines are three times the impedance between 
the three wires of the circuit in parallel and the ground. The 
approximate magnitudes of this impedance for a typical high- 
tension line, free from grounds at the distant end, is given in the 
following table for distances which are different fractions of a 
wave length. The impedances are computed for 180 cycles, 
assuming 4/0 line conductors. For other sizes of wire or for 
other frequencies the magnitudes would vary somewhat, but 
the general range and particularly the variation in angle is 
typical for the given fractions of wave lengths. 


TABLE I. 


Length, Miles 


Fraction of © |_—£ —@ —— Impedances 
wave length per wire 
in sixteenths (3rd) (9th) (15th) 
180 cycles 540 cycles 900 cycles 

1 53 18 11 60 — 7 2,400 
2 105 35 21 40 — 7 1,000 
3 158 53 32 35 — j 400 
4 210 70 42 40—j0 
5 263 88 53 55 + 7 400 
6 315 105 63 150 + 7 1,000 
7 368 123 74 440 +7 2,300 
8 420 140 84 13,300 + 70 


For lengths less than a sixteenth of a wave length the im- 
pedance is largely determined by the capacity between line 
wires and ground, and is roughly inversely proportional to the 
length of the line. 
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To illustrate the use of the equations, computations have been 
made for the third harmonic in the case of two 60-cycle trans- 
formers, using the following assumptions: 

E (third harmonic) = 0.7 rated terminal voltage. 

I (third harmonic) = 0.01 full load current. 

Leakage reactance = 8 per cent in each winding (6 per cent 
total) for fundamental, and three times that for third harmonic. 

Effective resistance of mutual. impedance (N) equals 5 per 
cent of total impedance, and effective resistance of leakage 
impedances (a and b) is 10 per cent of total impedance. 

The numerical results obtained by the use of these assumptions 
and of the values of line impedance given in Table I are tabu- 
lated in Table II, in which all figures refer to the high-ten- 
sion side of the transformers. 


TABLE II. 

Voltage of transtormery..ck sascn oe ee 33 OOO Es ores anes. cunctehoe tates 6,600 
KW CADACIbY Seca. - scises a Reel Eee 200) pain 2 os, rink eee Mee te 300 
Fullload carrent 70-725 1 Be, ee G armperesi eas oa wine eet « 45 amperes 
Fes LEE Ee. ee ee 23: 000 cvolis tse: fen ees 4,600 volts 
Tepetiatieptocagg- tte Se rete RAC ARE te Em eee nar OL06 ampereiwo:. eemaecredess 0.45 ampere 
IN Paha cs ost ROT a ee Shs anes 20,000 + 7 400,000 ohms......... 500 + 710,000 ohms 
Ck Ne iets, pa teaed een ell irra wrth SOM 7 S00 lohims: peers 1.3 +3 13 ohms 
Delta-grounded star 
Be. Res otisgant try apt pera ths doe te ence 30 dj esunten ely. Sets ate eon 6. 
CNC Pn sind eRe CHS Te AS ee LOO N91 4000 ree satel eee 2.6 + 726 
Length of line to resonate...................- POST miles her cus ceteris about 200 miles 
At-resonance49/,.. 04..S2055,. SAE, POS O..2-amperes alt, o ASE oe 0.15 ampere 

on AEA eens ORES EEA Sat en ban 3 200svolts. iit. A Sse ees 4 volts 
Star-grounded star 
Beare e sehag sae 5.3.0.2 See ee ee 23/000 2 Re. 5 Fed a ee 4,600 
B taioietite teen Beate Be pune c 20,0007--77, 400000 a eee 500 + 710,000 
Length of line’ to resonate......2e eee eee Ove imiley. cease See About 15 miles 
At resonancé:t2eeer eda Re aia iar eciers h-ampereriice fee noe 9 amperes 

08 15) «orale eaters kee ey rane eee 4.00, OOO SVO1ES ee sasl incense 90,000 volts. 


These results apply to but one transformer of the. three- 
phase bank. It should be noted that the total current in the 
ground is three times the third-harmonic current given above. 

In these cases it is to be noted that with the delta-grounded 
star connection the third harmonic voltages produced by res- 
onance effects are not dangerous to the power systems, but a 
considerable fraction of an ampere of third harmonic current 
may be caused to flow in the ground, and this is enough in some 
cases to cause disturbances in nearby telephone circuits. These 
results accord with general experience, and it is supposed that 
the author did not have telephone induction in mind when 
writing the statement that the third harmonic current under 
these conditions is “generally so small that it is of no conse- 
quence.”’ 

In the cases of star-star connection it has for convenience 
been assumed that only one winding was grounded. The same 
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results can of course be obtained with both windings grounded, 
taking account of the line connected to both line windings, and 
reducing the whole to equivalent impedance referred to the 
high-tension side. The figures indicate that under the condi- 
tions assumed, dangerous resonance voltages could be produced 
with certain lengths of line, particularly with large transformers 
and moderate voltages. With very high voltages and small 
capacity transformers there would be relatively little likelihood 
of dangerous resonance effects with the third harmonic when the 
high-tension side of the transformer was connected to a line 
of reasonable length. Of course resonance effects might be 
obtained by the combined action of lines connected to the 
primary and the secondary, one having a positive and the 
other a negative reactance. 

The author speaks of a line with grounded star transformers 
at each end. Under these conditions the third harmonic e.m.fs. 
in the two banks of transformers will frequently tend to oppose 
each other. If they were equal in magnitude and opposite in 
phase, no third harmonic current would flow at a point in the 
line midway between the transformer banks, and the distri- 
bution of third harmonic from each transformer bank would 
be the same as though the line were open at the middle. 

The writer has not had an opportunity to subject the analyt- 
ical method suggested above to the test of experiment. It is 
submitted in this form, however, in the hope that it will be put 
to that test by some one who can conveniently obtain the neces- 
sary information regarding the transformer characteristics. If 
the primary and secondary leakage impedances and the mutual 
impedance do not vary so rapidly with changing conditions as 
to invalidate the method, it should be of very material assistance 
in the analysis of phenomena, such as those discussed in Mr. 
Peters’s paper. 

L. P. Ferris: In the paper by Mr. Peters, in discussing the 
effect of the third-harmonic delta-circulating current of a delta- 
star bank of transformers, it is stated that this results in the 
cancellation of “‘all the third-harmonic voltages except that 
due to the reactance of the transformers.” It would be more 
accurate to include also the resistance component, as well as 
the leakage reactance of the windings. This omission is doubt- 
less made because the resistance is generally very small in 
comparison with the reactance. The author goes on to state 
that the voltage corresponding to this reactance drop in the 
delta ‘“‘is generally so small as to be of no consequence.”” From 
the standpoint of inductive interference it is perhaps stating 
it too strongly to say that this voltage is of no consequence in 
cases of parallelism between power and telephone circuits for 
considerable distances. 

Regarding inequalities in the units forming a bank of delta- 
star connected transformers the statement is made that the 
circulating current is the same in all three units, One is led 
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to infer from this that there can be no third-harmonic flow 
between any of the units and the line on the delta side. This 
case appears somewhat analagous to the open-delta case con- 
sidered later on in the paper. In the latter case there is, of 
course, a third-harmonic current in two of the line conductors. 
In the case of the closed delta with inequalities among the 
several units there would be an adjustment of magnetizing 
current among the three units which would require a small 
flow of third-harmonic into the line conductors to compensate 
in part for the inequalities. As compared with the open-delta 
case, this third-harmonic current would, of course, be very small. 

The author discusses the condition where the neutral on the 
high-tension side of a bank of star-star connected receiving trans- 
formers is grounded and the secondary neutral of the step-up 
bank isolated. For this case the paper states that the third 
harmonic stresses will appear between the coils and ground. 
(These stresses will be graded, increasing to a maximum for 
the coils adjacent to the line terminals.) The statement is 
then made that ‘“‘since the neutral point is pulsating or rotating 
around the zero point, it is obvious that the whole system is 
made to pulsate, below and above ground, an amount equal 
to third harmonic voltage in the phases.” The ‘‘zero point’’ 
referred to by the author is not specifically defined. The most 
natural point of reference, and one most generally used in dis- 
cussing such problems, is the earth. If the earth is, in this case, 
taken as the zero point it should be obvious that the neutral 
point of the receiving bank of transformers, which I assume 
is the bank referred to in the discussion, remains at all times 
at the potential of the earth or zero point of reference. It is 
for this reason that the whole system is made to pulsate at 
third harmonic voltage Were this neutral point itself to pul- 
sate, which it would do if isolated from ground, the whole 
system would not pulsate at third-harmonic voltage but would 
remain at practically ground potential in so far as the third 
harmonic was concerned. In this case the third-harmonic 
stresses increase to a maximum at the neutral point. This is 
quite easily pictured, for with the neutral isolated we have as 
the external circuit for the third harmonic, the capacitance to 
ground of the three line conductors in parallel, in series with 
the capacitance of the neutral point to ground. For any 
operating system there is little doubt that practically the entire 
third harmonic voltage will appear between the netural point 
and ground with an inappreciable amount between line con- 
ductors and ground. I have seen this amply demonstrated 
by tests, were experimental evidence needed to confirm this 
conclusion. 

A small tertiary delta is recommended for star-star con- 
nected transformers to eliminate the third-harmonic voltages. 
Undoubtedly such a winding will greatly reduce the third- 
harmonic voltages, but one must take exception to the use of 
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the word ‘‘eliminated.”” The degree of elimination will depend 
upon the impedance of this tertiary delta. 

With reference to the circulation of third-harmon‘c current 
between grounded star-star and star-delta transformer banks, 
it is stated that this will be sufficient to “eliminate” the third- 
harmonic voltages and thereby “eliminate” the corresponding 
electrostatic induction in neighboring lines. I must again take 
exception to the use of the word “eliminate.” The third- 
harmonic voltage may under such conditions cause interference, 
particularly if a parallel occurs near the star-star end of the 
line. It should be noted also that this condition favors maxi- 
mum electromagnetic induction. With both banks in star- 
star, as pointed out by Mr. Cone, the third-harmonic e.m.s. 
are in series opposing (not strictly so if the connecting line is 
long). This condition favors maximum electrostatic induction 
together with some electromagnetic induction if the line con- 
necting the two banks of transformers is of any considerable 
length. Connecting the two banks in delta-star gives the mini- 
mum electrostatic and electromagnetic effects. In this refer- 
ence only straight delta-star or star-star connections are con- 
sidered. 

In general, it should be noted that whereas for the purposes 
of Mr. Peters’s paper it is perhaps unnecessary to take into 
account the reaction of the lines upon the third harmonic 
currents and voltage it is very important to consider the line 
reactions in any study concerned with the inductive interfer- 
ence caused by triple harmonics in grounded neutral systems. 

N. S. Diamant (by letter): Mr. Peters does not make clear 
the fact that starting with a sine wave of flux, the induced 
voltage will be sinusoidal, but not so with the impressed voltage 
unless the resistance drop is negligible compared to the re- 
active drop. 

He seems to attribute the distortion of the exciting current 
to the variable permeability but soon he introduces the hysteresis 
loop and the well known graphical methods. Now starting 
with a sinusoidal flux and assuming the resistance drop to be 
negligible, the distortion of the current will be found to be due 
fundamentally and primarily to the saturation curve and it is 
easy to see that in this case when the fundamental current wave 
is zero, 1.é., 


tyund = 0 
é = maximum, and 
¢=0 


and consequently when the flux wave passes through zero all 
the higher harmonics of currents, i,, will add up to zero. If 
there is only the third harmonic, then it will be in phase with 
the fundamental. What the hysteresis does mainly, is, that 
it necessarily shifts the above described phase relationship so 
that tyuna has a component in phase with the e.m-f. sufficient 
to supply the hysteresis loss. 
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The well-known graphical method shown in Fig. 2 of the paper 
will give a current wave consisting of harmonics and a funda- 
mental which can be split into two components igs, the active 
and i,;, the reactive or magnetizing component. The effect 
of the eddy current losses is, of course, to increase the active 
component. To summarize, then, the distortion is due prim- 
arily to variable uw, and for the saturation curve or extremely 
thin hysteresis loops when tyung = 0, in = 0. Butin the case 
of the hysteresis loop not only is » variable but it has different 
values for given ascending or descending values of the flux 
and the above relation does not hold. Finally,it would be 
possible to have variable 4 and sine wave of flux and current, 
provided the hysteresis loop is ellipsoidal or approaches the 
shape of an ellipse closely. 

It may be well in this connection to look at the question from 
a broader point of view, and mention that variable resistivity 
or permittivity (dielectric constant) will produce wave dis- 
tortions. 

J. F. Peters: The inconsistency in Fig. 6 referred to by Mr. 
Cone is that the arrows indicating the flow of current through the 
ground connection of the step-down bank of transformers should 
point up from the ground; this reversal of arrows is very evident 
from the directions indicated by the other arrows of the figure. 

The zero point for the star-star to star-star operation with the 
neutral of the step-down bank grounded, referred to by Mr. 
Ferris, is the earth. The neutral point of the fundamental 
voltage under these conditions rotates around the zero point as 
stated in the paper and indicated in Fig. 9. 
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PHENOMENA ACCOMPANYING TRANSMISSION WITH 
SOME TYPES OF STAR TRANSFORMER CONNECTIONS 


BY L. N. ROBINSON 


ABSTRACT OF PAPER 


The purpose of this paper is to point out and explain some 
even harmonic phenomena which may attend the operation of 
Star-star connected banks of transformers having grounded 
neutral on the line side only. Contrary to current opinions, the 
author believes the abnormal voltages and destructive effects, 
which often accompany star-star operation, are, in at least a 
large number of cases, due to even rather than third harmonics. 
At high magnetic densities, the third harmonic voltage may be 
appreciable, but the indications are that the even harmonics will 
cause damage at nominal magnetic densities lower than those 
which produce appreciable third harmonic voltages. 

The data on which the conclusions are based include ap- 
proximately one hundred and fifty oscillogram waves and a 
correspondingly large number of meter readings. The data are 
omitted from the text to a large extent, because the details could 
not add materially to the discussion. The tests are simple and 
can easily be made with an oscillograph. 


INTRODUCTION 

HERETOFORE, the third harmonic voltage, required to pro- 

duce the necessary third harmonic exciting current, has gen- 
erally been held to be the cause of the high voltages and conse- 
quent destructive effects accompanying the operation of star- 
star transformer banks. This is proper if it can be shown that 
the third harmonic voltage is large. The star connection is 
generally used in transmission work so that the neutral on the 
line side may be grounded. If the line side neutral is not 
grounded, there may be abnormal and dangerous leg voltages 
due to the third harmonic, as has been proved in specific cases; 
though wreckage is less common from this type of connection. 
When the neutral on the generator side of the bank is isolated 
and the line side neutral is grounded, the Y-capacitive suscep- 
tance of the line is in series with the inductive Y-exciting-suscep- 
tance of the transformer legs; the former susceptance is larger 
than the latter in a system involving a long transmission line; 
hence, the equivalent reactance of the circuit for Y-currents is 
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inductive and the third harmonic current lags, contrary to some 
recently accepted opinions. From this, it is seen that the im- 
pedance to Y-currents is not as large as might be supposed from 
a casual survey. Therefore, it is believed that the opinion that 
the third harmonic voltages are responsible for the destructive 
effects accompanying star-star operation with grounded neutral 
on the line side only, is based on the coincidence that the path 
for third harmonic current was apparently of high impedance 
in cases where destructive effects resulted from the use of the 
connection. So far as can be ascertained from published data, 
no oscillograms (or similar observations) nor records have been 
made of the forces at play when transformers or line insulators 
have been destroyed by abnormal, phenomena due to star-star 
operation. 

The author has observed even harmonics and badly unbalanced 
leg voltages in several different instances extending over a 
considerable period of time. In all these instances, the paths 
for Y-currents were through the open-circuit admittance of 
the transformer units. These observations were made under 
the following conditions: 

1. A star-star bank, with generator side neutral isolated and 
line side neutral grounded. The duty was charging a line 37 ~ 
miles long. 

2. Another bank similarly connected, but composed of units 
made by a different manufacturer and of different ratings in 
every respect. The duty of this bank was the same as for that 
in case 1 but on another day. 

3. A bank of 1:1 auto-transformers connected star with 
grounded neutral, at the sending end of the 37-mile line, which 
was charged by a delta-delta bank. 

4. A bank of transformers stepping down from isolated neutral 
star to ‘‘ interconnected ’’ delta. In this instance, the current 
circulating in the “‘ interconnected ”’ delta contained prominent 
even harmonies. 

5. A bank of 13,200:110-volt potential transformers connected 
star with grounded neutral to the sending end of the 37-mile 
line, which was supplied from a delta-star bank with isolated 
neutral. The secondaries of the potential transformers were 
open-circuited. 

DaTa 

Several phenomena appeared consistently, and they seemed 

to vary with the magnetic density in the transformers. However, 
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the variations of impressed voltage and consequently the varia- 
tions of the magnetic density were necessary in order to vary the 
Y-currents, which currents are believed to be directly responsible 
for the excessive leg voltages. 

In some cases, when charging the line from transformers 
connected star-star with grounded neutral on the line side, an 
undertone of one-half fundamental frequency was present in 
the leg voltages, and in the currents on the generator side of 
the bank. A typical wave shape is shown in Fig. 1, wave No. 3. 


Phase A Normal 


Wave No.3 Phase A 


Leg Voltage Undertone 


Wave No, 4 Phase A Leg Voltage Leg A Reversed 


BIG! 


In some other cases, two of the leg voltages were approximately 
Ai 7/3 times the delta voltage, while the magnitude of the volt- 
age of the third leg was approximately normal, 7.e., 58 per cent 
of the delta voltage. The leg voltages had distinctly different 
wave shapes, and their fundamental components were con- 
spicuously not 120 degrees apart in time phase. Typical wave 
shapes are shown in Fig. 1, waves Nos. 4, 5 and 6.+ The currents 
in the buses on the generator side of the bank were several times 


normal. 
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In still other cases, the leg voltages had double frequency 
components, approximately four times as large as the funda- 
mental components, and the transformers vibrated internally. 
Typical wave shapes are shown in Fig. 2, waves Nos. 2, 3 and 4. 

In the case of the 1:1 auto-transformers, the delta voltages 
were affected by the phenomena, becoming nearly twice as 
great as existed when the auto-transformers were not connected 
to the line. The delta voltages were of fundamental frequency 


Delta Voltage, ,, Phases A-B 


' 


Phase A 


Wave No. 3 Leg Voltage Phase B 


Wave No. 4 Leg Voltage | Phase C 


Wave No.5 Vector Sum of Leg Voltages 


Wave No.6 Neutral Current 


Fic. 2 


with no double frequency component, while the leg voltages con- 
tained the large double-frequency component. 

In all cases in which the second harmonic was prominent in 
the leg voltages, it was in time phase in all three legs. This 
was proved by the oscillograms of the simultaneous values of 
the three leg voltages, by a measurement of their vector sum, 
and by the fact that the second harmonic was notin the waves 
of delta voltages. (See Fig. 2, waves Nos. 1 to 5 inclusive.) 
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Discussion 

Case I. The case in which the second undertone, or ‘ one- 
half” harmonic was present, is explainable by a periodically 
reversing leg; 7.e.,one leg of the bank reversed once for each 
fundamental cycle, so that the fundamental component of cur- 
rent in the leg tended to flow in the same direction through the 
unit during the entire cycle. In the next cycle the leg reversed 
again, so that the fundamental component of current tended 
to flow in the opposite direction from that in the previous cycle. 

It is to be noted that the voltage from one line conductor to 
ground was approximately 58 per cent of the delta voltage, 
while the voltages to ground from the other two conductors 
varied from 58 per cent of delta voltage to 100 V 7/3 = 153 
per cent of the delta voltage; 7.e., the voltages from these latter 
conductors to ground varied from normal to 264 per cent of 
normal Y-voltage. On a line with 
small factor of safety of insulation, 
this 164 fer cent abnormal voltage 
might cause considerable damage. 

The voltages between conductors 
(delta voltages) are normal if the 
bank is of star-star transformers with 

Fic. 3—VoLtace Reva- grounded neutral on the line side 
TIONS — THREE-PHASE STAR only, because the delta voltages on 
BORNE CttON Havine Rey the station side are fixed by the 
VERSED LEG. 

generator, and the neutral on the 
station side of the bank is isolated and free to float. 

Case II. In the case with the stable, unbalanced leg volt- 
age condition, the neutral on the generator side of the bank 
assumed a fixed position with one leg reversed so that the 
voltages from two of the line conductors to ground were approxi- 
mately V7 (= 2.64) times the voltage from the third conductor 
to ground. See Fig. 3. 

A peculiar characteristic of this case was that different legs 
reversed at different times. The switching was done on the 
station side of the bank, The line was 37 miles of vertical 
type construction with no transpositions to balance the ad- 
mittances to ground. For example, when charging the line the 
first time, leg A might reverse and continue reversed as long 
as the bank was excited. Switching off and on again might 
bring either leg B or leg C in reversed, and the reversed leg 
would be a stable condition as long as the transformers and 
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line were energized. Occasionally, the three legs would come 
in without a reversed leg, and conditions would be normal. 

Case III. At approximately 60 per cent of normal voltage 
impressed, the first star-star bank which was observed, showed 
signs of distress by vibration noises. This condition followed 
charging the transformers and line through a three-pole oil 
switch on the station side of the bank. The neutral on the 
station side was isolated and the line side neutral grounded. 
Investigation showed a second harmonic in the voltages from 
line conductors to ground. As stated above, this second har- 
monic was in time phase in all three legs and did not appear 
in the delta voltages, which latter were of normal magnitude. 
In this case, the second harmonic was approximately four times 
the fundamental component of the leg voltage. 

In explanation: The impressed Y-voltage on the generator 
side of the bank produced an exciting current and correspond- 
ing flux, which induced the nominal line side leg voltage prac- 
tically 180 time degrees» behind the impressed leg voltage. 
The Y-susceptance of the 37-mile line is capacitive. The Y- 
currents in the line side of the bank must flow through the 
transformers with the station side of the bank open-circuited 
for Y-currents; 7.e., the line side Y-reactances of the trans- | 
formers are the open-circuit reactances. The capacitive Y- 
susceptance of the line is equivalent to a capacitive reactance, 
and is in series with the inductive Y-reactance of the trans- 
formers. In this case, the inductive reactance of the transformer 
is the larger of the two. Consequently, the resultant reactance of 
the circuit of Y-currents is inductive and less than the reactance 
corresponding to the exciting susceptance of the transformer. 
Hence, the line side Y-currents will be lagging, and of the order 
of magnitude required to excite the transformers at nominal 
voltage. The lag of this current will be more than 180 degrees 
and less than 270 degrees behind the nominal impressed leg 
voltage on the generator side of the bank. The voltage induced 
by the flux corresponding to the Y-current is less than 20 time 
degrees ahead of the impressed leg voltage. 

The “‘ resultant '’ leg e.m.f. on the generator side of the bank 
is, therefore, the vector sum of the impressed leg voltage and 
the voltage induced by the Y-current. That is, the ‘‘ result- 
ant’ leg voltages are above normal counter-e.m.f. and in three- 
phase relation. In order for this condition to exist, the neutral 
on the generator side of the bank must move in the e.m.f. dia- . 
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gram, and its motion is the effect of two sine wave ems. 
Thus, the equivalent motion of the neutral may be chosen as 
in the axis perpendicular to the plane of the fundamental 
frequency e.m.fs. In other words, the e.m-f. vectors of funda- 
mental frequency may be represented in the xy-plane, while the 
vector representing the motion of the neutral is coincident with 
the z-axis. 

As to frequency, at the instant of the maximum value of the 
above ‘resultant’ leg voltage, the neutral is at its maxi- 
mum displacement. At the zero value of the “ resultant” leg 
voltage, the displacement of the neutral is a minimum. At 
- the minimum, or negative maximum of the “ resultant ”’ leg 
voltage, the displacement of the neutral is again a maximum, 
etc. Thus, it is seen that the displacement of the neutral is 
at double the frequency of the impressed leg voltage. Hence, 
the counter e.m.f. between the actual neutral and the “‘average 
position of the neutral’ is a double-frequency e.m.f. 

The above phenomena are transformed to the line side of 
the bank and the line side leg voltages are proportional to the 
Square root of the sum of the square of the double-frequency 
neutral e.m.f. plus the square of the vector sum of the impressed 
leg voltage and the fundamental voltage induced by the line 
side Y-current. x 

Because the neutral on the generator side of the bank is free 
to float in transformer banks connected as in this case, the 
delta voltages are not affected, but are transformed in the 
nominal ratio of the units. 

As previously stated, the line side Y-current is more than 
180 and less than 270 time degrees behind the impressed leg 
voltage. That is, the Y-current lags behind the line side 
“nominal leg voltage.’’ In the general case, then, the Y-cur- 
rent produces a component of flux opposite in phase to, and 
a component in quadrature to, the flux corresponding to the 
impressed leg voltage. The quadrature component of flux 
produces the mechanical stresses and vibrations evidenced by 
the noises. 

Case IV. The 37-mile line was energized from a delta-delta 
bank of transformers. The neutral on the line side at the send- 
ing end was grounded by a star-connected bank of transformers 
whose secondaries were star-connected with no load, i.e., open- 
circuited. Thus, the star transformers were three iron-clad 
reactances legged, one from each line conductor to ground. 
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However, they presented the only path for Y-currents, and 
therefore operated as 1:1 auto-transformers in respect to Y-cur- 
rents. The neutral of this bank, being grounded, could not 
pulsate to maintain the proper delta countere.m.fs. The result 
was, that the delta voltage was raised to nearly twice the mag- 
nitude that existed when the line was disconnected; that is, the 
path for Y-currents through the line and auto-transformers was 
essential to the phenomena; and the delta voltage was approxi- 
mately V3 times the “ resultant ” leg voltage discussed in 
Case III. This excess delta voltage was dissipated in the 
line and backed up into the supply source, an extensive public 
service corporation network. 

As expected, the second harmonic was prominent in the line 
Y-voltages, and not noticeable in the delta voltages. 


Notwithstanding the excessive second harmonic leg voltages 
in both Case III and Case IV, there was no appreciable third 
or sixth harmonic in the leg voltages, though the Y-currents 
contained a large component of sixth harmonic nei ae 
See Fig. 2, wave No. 6. 

This fact proves that the Y-impedance of the line to third 
and sixth harmonic currents was small in this case, and it in- 
dicates that’ the same is true of other long lines. 


CONCLUSIONS 


The conclusions to be drawn from the above are well-known 
axioms so far as concerns commercial operation of star-star 
transformers or auto-transformers. 

I. The use of star-star-connected transformers in long-distance 
transmission, with only the line side neutral grounded, is a 
dangerous practise unless a tertiary delta, or its equivalent, is 
used to stabilize the neutral. 

II. The use of grounded neutral star-connected auto-trans- 
formers in long-distance transmission is also a dangerous practise 
unless a tertiary delta, or its equivalent, is used. 

III. Grounding the neutral of an otherwise isolated trans- 
mission system by three iron-clad reactances or auto-transfor- 
mers connected in star without a tertiary, delta is a dangerous 
practise. 

IV. The use of star-star transformers or auto-transformers 
on a grounded-neutral transmission system is safe if tertiary 
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deltas, or their equivalents, are used at enough points to 
stabilize the neutral. With this type of system, a liberal factor 
of safety is necessary in order to cover the emergency of the 
failure of the transformers containing the tertiary deltas. 

V. The instability of the neutral due to double-frequency 
e.m.fs. is an important reason why the grounded star transmis- 
sion without secondary or tertiary deltas, or their equivalents, 
is condemned as bad practise. 
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DiscussION ON ‘‘ PHENOMENA ACCOMPANYING TRANSMISSION 
witH Some TypEs oF STAR TRANSFORMER CONNECTIONS ” 
(ROBINSON), SAN Francisco, Cau., SEPT. 17, 1915. 


Harris J. Ryan: In:cases I and II: The author says that the 
abnormal condition ‘‘ is explainable by a periodically reversing 
leg,” yet there is nothing in the paper nor in common knowledge 
to enable one to understand just what this ‘“‘ leg’ is and what 
cause made it reverse. The author does not state for case III 
whether the abnormal condition was temporary or stable, a 
matter obviously of great importance. In explanation of the 
formation of the in-phase double frequency e.m. fs. applied 
between line and ground having effective values of four times the 
line voltage, ‘‘ two sine wave e.m. fs. of normal frequency ”’ 
are assumed to interact to form their product and thus to develop 
a double frequency resultant. Yet it is fixed knowledge that 
e. m. fs. interact to add or subtract and never to form a product- 
resultant. Double frequencies are produced only by products 
and never by additions or subtractions. Matters of this sort 
are not in accord with the statement in the abstract of the paper 
that the ‘‘data are omitted from the text to a large extent because 
the details could not add materially to the discussion.” 
The abnormal formation of large in-phase double frequency 
e.m.fs. applied from line to ground in a recognized system of 
* transformer connections is a matter of importance. Conclusion 
VI should not go unchallenged for the reason that no demonstra- 
tion in this paper appears to be of such a character as to lead “ to 
the comprehensive understanding of the possibilities and im- 
possibilities ”’ therein referred to. 

H. Stephenson: Several years ago, I made some tests 
to determine the effect of the even harmonics. Ordinarily 
we say in transformer connections we can have only odd 
harmonics present; but it is possible under certain conditions 
to have even harmonics, and they may have injurious effects. 

Two transformers were connected, one side in multiple, the 
other side in series; the current being forced through the wind- 
ings, thereby magnetizing the core in one direction. Then we 
applied alternating excitations to the other side, so we are super- 
posing an a-c. excitationon a d-c. excitation. Theresultant 
magnetizing or exciting current contained quite a pronounced 
even harmonic, depending upon the amount of d-c. excitation 
applied. The resultant waves obtained by oscillograms were 
unsymmetrical. The even harmonic has the effect of overcoming 
the d-c. magnetization. This condition, of course, is not ordi- 
narily met with but it is encountered in three wire synchronous 
converters, provided the halves of the transformer are not 
divided so that the return direct current does not flow through the 
halves of the windings in opposite directions. It is also en- 
countered in certain cases of art furnace work, the art furnace 
having the property of rectifying current to a certain extent. 
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W. A. Hillebrand: It is my belief that the essential phenom- 
ena described by Mr. Robinson are due to those very phenom- 
ena of magnetic saturation that have just been touched upon. 
A further reason for that belief is this: Those even harmonic cur- 
rents represent a certain amount of power represented by the 
I? of the line if nothing else. Assuming that there is no even 
harmonic in the generator wave, it is impossible I think to obtain 
that power except by the interposition possibly of a saturated 
iron core. This phenomenon of the production of an even har- 
monic by the superposition of a current wave on a partially 
saturated iron core is, I think, rather common. 

J. P. Jollyman: Certain of the conclusions reached by Mr. 
Robinson are so briefly stated that I think they are likely to be 
slightly misleading. The second conclusion is: 

“ The use of grounded neutral star-connected auto-transform- 
ers in long distance transmission is also a dangerous practise 
unless a tertiary delta, or its equivalent, is used.” 

I think Mr. Robinson means that this might be a dangerous 
practise on a system operating with an isolated neutral at the 
generating plant. I know of banks of transformers employing 
this connection which have been in successful operation for some 
time, transforming large amounts of power from the higher volt- 
age to the lower voltage, and occasionally in the reverse direction. 

Mr. Robinson’s fourth conclusion is: ‘‘ The use of star-star 
transformers, or auto-transformers on a grounded neutral trans- 
mission system issafeif tertiary deltas, or their equivalents, are 
used at enough points to stabilize the neutral. With this type 
system, a liberal factor of safety is necessary in order to cover the 
emergency of the failure of the transformers containing the ter- 
tiary deltas.” 

If the transmission system is a grounded neutral system, 
the neutral is stable inherently. The step-up connections 
feeding that system must keep it stable, or it is not a grounded 
neutral system. It is entirely feasible to operate a star-star 
system with no deltas in it whatever. I know of large systems 
which have been and are occasionally operating star-star with no 
delta connections whatever. 

The fifth conclusion is: ‘‘ The instability of the neutral due to 
double frequency e.m. fs is the reason why the grounded star 
transmission without secondary or tertiary deltas or their equiva- 
lents, is condemned as bad practise.’’ 

I think my last remarks apply to this conclusion, that if your 
system is star-star straight through, and the neutrals are grounded 
on your generators and on your transformers, both on the low 
tension and high tension side, the system is inherently stable, 
and does not necessarily need any delta connections in it what- 
ever. 

I think Mr. Robinson’s remarks apply particularly to the case 
where you are feeding from an isolated system into a star-star 
bank of transformers with the neutral on the feed-in side 
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grounded. That is unstable, and the grounding of one of the 
high-tension line wires puts an abnormal voltage on two of the 
transformers involved in the connection. 

I particularly wanted to call attention to the fact that auto- 
transformers used on a grounded neutral system under the proper 
conditions are perfectly stable and perfectly feasible. 

F. F. Brand: Regarding Mr. Robinson’s paper it would be of 
great benefit to us if he would give us a little more data concern- 
ing the even harmonics which are under discussion in his paper, 
particularly stating whether they were under transient or stable 
conditions of operation. I do not recollect that the presence of 
even harmonics has been noticed in any system, unless, as men- 
tioned by Mr. Stephenson, they were produced by direct currents 
superposed on the system or by synchronous converters opera- 
ting on a three-wire d-c. system under unbalanced load. I do not 
quite see how it is possible to get éven harmonics under condi- 
tions produced by a saturated core unless the alternators con- 
nected to the system have a pronounced even harmonic which 
is very unusual in alternators and furthermore I do not see how 
it is possible to get a core saturated in one direction under stable 
conditions except by d-c. excitation on the core. 

One other point I would like to mention which has been 
brought up in the various papers presented and that is regarding 
the use of separate delta winding or what has been known as a 
tertiary winding to eliminate triple frequency harmonics. It has 
been commonly thought that this extra delta winding had to be 
only sufficiently large to take care of the triple frequency com- 
ponent of the magnetizing current of the transformer under 
ordinary conditions. This is not thecase. It has to take care of 
the higher triple frequency currents which circulate in transient 
conditions such as switching, etc., when the transformer core is 
frequently magnetized to a very high value. Furthermore in 
any transformers in which a triple frequency voltage exists be- 
tween line and neutral which are connected on a grounded sys- 
tem it is necessary that this tertiary winding take care of the total 
triple frequency charging current of the whole system. This is 
usually so large that this tertiary winding must be made very 
large and it is my experience that it is only safe to make this wind- 
ing of an equivalent copper section to other windings. 

This brings out the fact that the only really economical and 
perhaps safe transformer for Y-Y connection is the three-phase 
core type, in which these triple-frequency voltages in any large 
degree cannot exist between line and neutral. 

L. N. Robinson: Referring to the discussion by the first 
speaker, I would say that the term “‘ leg ”’ is used in perhaps the 
popular sense, meaning a limb or branch of a star or Y connec- 
tion; e.g., the leg voltage of a Y-connected bank of transformers 
is the voltage measured between line terminal and neutral. 

In Case III, which gave the large second harmonic voltages, 
the phenomenon was temporary at the lowest values of impressed 
voltage for which it obtained; but at higher values of impressed 
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voltage, the vibrations became more violent and the second har- 
monic was a stable phenomenon, remaining constant throughout 
runs as long as one-half hour. 

Professor Ryan’s statement concerning ‘“‘ ‘two sine wave 
e. m. fs. of normal frequency ’ assumed to interact to form their 
_ product and thus develop a double frequency resultant ” is not 
quite clear. However, the paper does assume, and I believe it 
will be borne out by further investigation, that the double 
frequency resultant is the physical product of two single-fre- 
quency e.m.fs. It is obviously not the mathematical product 
because the double frequency resultant is only about four times 
one of the single-frequency factors. 

Mr. Stephenson has brought up the subject of the production 
of even harmonics in transformers by excitation with a combina- 
tion of alternating and direct currents, which was treated by J.B. 
Taylor in a paper published in the Transactions of 1909, pp. 
725-732. The possibility that the even harmonics, found in the 
observations under discussion, were due to direct-current excita- 
tion or residual magnetism was thoroughly examined and dis- 
carded because the even harmonics were so enormous, were not 
present at small values of impressed voltage and-occurred simi- 
larly in two banks of transformers of different ratings and manu- 
factured by different factories. 

Mr. Jollyman has called attention to the statement that it is 
necessary toemploy a tertiary delta or its equivalent in order to 
stabilize the neutral of a star-star connected transformer bank 
in which only the line side neutral is grounded. The terms 
" tertiary delta” and “its equivalent ” are sufficiently defined 
in Rule II-g (2) of the Report of the Joint Committee on Induc- 
tive Interference published in the Procrrpincs of September 
1914. There are several means of obtaining an equivalent ter- 
tiary delta; for example, a Y-connected generator, supplying a 
Y-Y-connected bank of transformers, will serve as an equivalent 
delta for that bank if the neutral of the generator is connected 
to the primary neutral of the transformer bank. 

As to conclusion IV, cases are known to have existed in which 
grounded neutral auto-transformer banks connected star without 
tertiary windings have given very unsatisfactory service when 
feeding from a grounded neutral system into an otherwise isolated 
neutral system. One such case in point, is a bank of auto-trans- 
formers without tertiary windings, which steps up at the re- 
ceiving end of a 125-mile line, the generator end of which is 
connected to several banks of star-delta-connected transformers 
with grounded neutral on the line side. 

The author has endeavored to explain the phenomena, but 
does not feel that sufficient work has been done to warrant a final 
conclusion. The object of the paper was to present the idea in 
the hope that discussion and corroboration would develop the 
physical and mathematical conceptions into such form that they 
might be more readily applied. 


Presented at the Panama-Pacific Convention of 
the American Institute of Electrical Engineers, 
San Francisco, Cal., September 17,1915. 
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ABNORMAL VOLTAGES IN TRANSFORMERS 


BY J. MURRAY WEED 


ABSTRACT OF PAPER 


This paper deals with the electrical behavior of transformer 
windings when subjected to steep wave fronts and high-fre- 
quency wave trains. The dependence of the internal voltages 
produced, upon the distribution of capacity with the induct- 
ance of the winding, is discussed. 

Practical windings are divided into two general classes, one 
in which inductance and capacity are practically uniformly 
distributed, and the other in which the capacity is more or less 
concentrated at certain points, with relatively concentrated 
portions of inductance intervening. 

Neglecting the effects of the high-frequency dielectric losses 
in the insulation at high frequency, distinct mathematical an- 
alysis is given to these two classes of winding to determine the 
ratios of the internal voltages to the voltage of the external 
Wave or wave train. The resulting internal voltage distribu- 
tions are plotted for various frequencies, and curves are plotted 
for the relations of maximum internal voltages to frequency. 
These curves show that some frequencies are dangerous, while 
others are not, but it can not be said that one of these types of 
winding is better than the other from the standpoint of the 
possibility of excessive internal voltages. 

The analysis is by no means complete, but an examination 
is made of the facts and fundamental principles involved which 
will enable us to insulate for and guard against excessive internal 
voltages in a more scientific manner. 


HE EVOLUTION of present methods of insulating trans- 
formers has been based very largely upon experience, 
rather than upon rational design. In the early stages of de- 
velopment, the effort was only to insulate adjacent turns and coils 
from each other in a manner to givea satisfactory factor of safety 
for the calculated transformer voltages, and lightning arresters 
were developed for protection from excessive external voltages. 
But frequent breaks between turns, most often the end turns of 
the winding, which occurred in spite of the lightning arresters, 
pointed to the fact that a sudden application of voltage or sudden 
change of voltage at the transformer terminals, such as may be 
caused by switching, sparking discharges or lightning, would not 
instantly distribute itself throughout the winding, but was more 
or less concentrated at the first instant across the end turns. 
Thus voltages which were not sufficiently large to cause dis- 
charges on the lightning arresters, when suddenly applied, would 
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break down the insulation between turns. Moreover, with volt- 
ages sufficient to produce discharges on the lightning arresters, 
the action of the arresters themselves would produce sudden 
changes of voltage of the worst kind at the transformer terminals, 
and thus be instrumental in causing breaks between turns. As 
a result of the accumulation of these experiences, the extra in- 
sulation of the end turns came into vogue, and also the practise 
of connecting choke coils between the transformers and the 
lightning arresters and line. 

At this stage, considerable discussion arose as to the relative 
merits of external inductance and end-turn insulation. Rec- 
ommendations were made as to the amount of inductance 
necessary, on the one hand, and, on the other, for the portion 
of the winding requiring extra insulation. But with increased 
experience it was found that the protection afforded by an external 
inductance in many cases did not eliminate the necessity for extra 
turn insulation. Also that with extra end turn insulation more fre- 
quent breaks occurred further in from the ends, and, in fact, the ex- 
tra insulation on the end turns was itself occasionally subject to 
failure. A further general explanation or cause for these difficul- 
ties was found in high-frequency oscillations, produced also by 
switching, sparking discharges or lightning. 

To meet the requirements for safety, as thus indicated by ex- 
perience, the extra insulation has been gradually increased, and 
gradually extended further from the ends, until at present 
many large high voltage transformers have what might be called 
re-enforced turn insulation throughout. Where a factor of 
four, for instance, applied to normal voltages to ground, gives 
ample strength for the major insulation between the high- 
voltage winding and the low-voltage winding and core, a factor 
of from 50 to 100 times as great is used in these transformers 
with respect to the insulation between turns. Thus, this in- 
sulation has a strength several hundred times as great as the 
normal ratio voltage between turns. 

In this matter of internal insulation, experience has been 
a tedious and a costly teacher. When failure has occurred, 
the cause was often so uncertain as to leave doubts as to the 
merits of the case. There were so many causes to which the 
difficulty might be ascribed, such as dirt, moisture and faulty 
construction or abnormal operation, that a number of failures 
were required to convince the designers that more insulation 
was needed, or that the design should be modified. More- 
over, it has been necessary throughout for the designer to en- 
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tertain considerations not only of safety, but also of econ- 
omy. He has been handicapped also in his efforts to 
adjust properly these contending considerations by the lack 
of adequate physical conceptions; first, of the nature and ex- 
tent of the disturbances from which external protection can- 
not reasonably be expected; and second, of the electrical be- 
havior of the windings themselves when subjected to these 
disturbances. As a result of investigations which these ques- 
tions have received, and are receiving, a new epoch is being in- 
itiated in transformer design based upon a better knowledge of 
the physics involved. 

The present paper deals with the behavior of transformer wind- 
ings when subjected to the two classes of disturbances which are 
typical, namely, the high-frequency wave train and the abrupt 
wave front. If we consider the effects of sheer wave fronts, or volt- 
age changes of given amplitude which are absolutely sudden, 
and of wave trains which are sustained with uniform amplitude, 
we will have considered conditions which are worse in these 
respects than the worst which occur in practise. These con- 
siderations will, however, show us the nature of the results 
which may occur in practise, and mathematical discussion is 
more easily based upon these extreme conditions. 

Transformer windings are ordinarily thought of merely as 
large inductances. In reality, they contain a rather large 
amount of capacity distributed in different ways depending 
upon the type and arrangement of the winding. For ordinary 
normal operating frequencies, in a steady state, the effect of 
capacity is negligible, and the winding acts like a simple con- 
centrated inductance, with voltage uniformly distributed. At 
high frequencies, however, or when a sudden voltage is impressed, 
the effect of capacity in disturbing this voltage distribution 
becomes important. This is due to the fact that at high fre- 
quencies, conditions of resonance are reached for the various 
combinations of inductance and capacity. This action will be 
understood when we consider certain typical combinations. 

Considering first the effect of an alternating voltage im- 
pressed upon an inductance and a capacity in parallel; the cur- 
rent taken by the capacity, with constant voltage, is directly 
proportional to the frequency, while the current taken by the 
inductance is inversely proportional thereto. The frequency 
at which these currents are equal is called the resonant fre- 
quency for this combination. The. directions of these currents 
with respect to the external circuit, or source of impressed 
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voltage, are opposed to each other, so that this combination 
takes no resultant current from the external circuit at its reso- 
nant frequency, however high the voltage may be. It there- 
fore acts, under these conditions, like an open circuit. 

At frequencies below the resonant frequency for this com- 
bination, the resultant current will be the excess of that taken 
by the inductance over that taken by the capacity, while at 
frequencies above the resonant frequency, the resultant current 
will be the excess of that taken by the capacity over that taken 
by the inductance. Thus, so far as the external circuit is con- 
cerned, this combination acts like an inductance at frequencies 
below its resonant frequency, and like a capacity at frequencies 
above its resonant frequency. . 

If, now, we have two parallel arrangements of inductance and 
capacity, in series with each other, the resonant frequency of the 
two arrangements being different, the action, at frequencies 
between these resonant frequencies, so far as the voltages across 
the individual arrangements and the current in the external 
circuit are concerned, is the same as with an inductance and a 
capacity in series. 

Considering the effect of the impressed alternating voltage 
upon an inductance and a capacity in series, we find the same 
current in both, while the voltages across the inductance and 
the capacity are in opposition to each other. The voltage im- 
pressed upon the combination is the resultant, or the arithmetic 
difference between these two voltages. With constant current 
in this circuit, the voltage across the inductance is proportional 
to the frequency, while that across the capacity is inversely pro- 
portional to it. The resonant frequency is that frequency at — 
which these voltages are equal‘to each other. With any finite 
voltage across the combination it is seen that the resonant fre- 
quency would result in infinite voltages across the separate 
elements of inductance and capacity, except for the effects of 
losses which exist within the inductance and capacity, which 
will not be described here. The current, however, which 
can be supplied by the generator or the line, is limited, and 
since the voltages across the inductance and the capacity are 
fixed by the current, the resultant of these two equal and opposite 
finite voltages would be zero. This combination, at its resonant 
frequency, acts therefore like a short circuit. At frequencies 
lower than the resonant frequency for this combination, the 
voltage across the capacity will be greater than that across the 
inductance, while at frequencies higher than the resonant fre- 
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quency, the voltage across the inductance will be greater. This 
combination will therefore act like a capacity at frequencies 
below its resonant frequency, and like an inductance at frequen- 
cies above that frequency. 

In various types of windings, as stated above, we find capacity 
distributed with the inductance in various ways. There is not 
only capacity to ground, as represented in transformers by the 
core and case, but also capacity between parts of the winding, 
and in transformers capacity to the opposite winding. The 
capacities between portions of the same winding are capacities 
in parallel with the inductances of those portions. Also the 
capacities to ground, in the case of a winding which possesses 
a fixed ground or definite neutral point, are in parallel with the 
inductances between the points where the capacities are located 
and the ground or neutral point. We have, therefore, various 
parallel combinations of inductance and capacity in series 
with various other such combinations, which gives opportunities 
for resonance and excessive internal voltages at various points 
within the winding, occurring respectively at different frequen- 
cies. 

We will now consider the effects of a sudden or abrupt voltage 
impressed upon typical combinations of inductance and 
capacity. In the case of a simple capacity, the current at the 
first instant is limited only by the external or supply circuit. 
Since current cannot be built up instantly in supply circuits 
which we have to consider, on account of their inductance, the 
voltage across the condenser will start at zero, at the first instant, 
and as the condenser becomes charged it will build up to the full 
value, and current will cease. At the first instant it acts like 
a short circuit, but in its final state like an open circuit. 

With.a simple inductance, the action will be just the reverse - 
of that with the capacity. The current, at the first instant, 
will be zero, with the full value of voltage, but. ultimately the 
current is limited by the supply circuit only, and the voltage 
across the inductance is zero. At the first instant the inductance 
acts like an open circuit, but in its final state like a short circuit. 

With an inductance and capacity in parallel, the combina- 
tion acts like a short circuit, at the first instant, due to the 
presence of the condenser, and in its final state, it acts like a 
short circuit, due to the presence of the inductance. During 
the intermediate period a certain voltage will grow, and then 
disappear, due to the combined action of the capacity and the 
inductance, but this voltage will never reach the value which 
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would appear with an open circuit, since current exists during 
this period in both the inductance and the capacity. 

With an inductance and capacity in series, the combination 
acts like an open circuit, both at the first instant, because current 
cannot flow instantly through the inductance, and in its final 
state, because current cannot flow continuously through the 
capacity. At the first instant, the total voltage is across the 
inductance, while in the final condition, it is all across the 
capacity. During the interval between the first instant and the 
final condition, an oscillation takes place, with a maximum 
voltage across the inductance equal to the impressed voltage, 
and a maximum voltage across the capacity of double that value. 

A combination such as is found in windings, as described above; 
namely, various parallel arrangements of inductance and capacity 
in series with other parallel arrangements, will act like a short cir- 
cuit at the first instant, on account of the existence of the series 
of condensers across the entire combination. It will also act like 
a short circuit in its final state, on account of the series of induc- 
tances. During the intermediate period, the voltage across 
the combination will grow and then disappear in a manner 
similar to that mentioned above for a single inductance in parallel 
with a single capacity. If the various capacity units in this 
arrangement are in inverse proportion with the respective in- 
ductance units with which they are in parallel, the voltage 
will at all times be uniformly distributed throughout the induc- 
tance. That is, the voltage across the various inductance units 
will be proportional to the respective amounts of inductance, 
andin inverse proportion to the amounts of capacity. This 
result is produced with a current flowing through the series of 
inductances, with the same value in all, and another distinct 
current flowing through the series of condensers, with the same 
value in all. 

If the capacities and inductances are not in the proportions 
specified above, the uniform distribution of voltage will not exist, 
but oscillatory disturbances will be set up which are similar in 
a general way to those produced by the capacity and inductance 
in series, due to the fact that, since currents cannot flow at the 
same time through the inductances with the same value in all 
and through the condensers with the same value in all, currents 
which flow through inductance in one part of the combination 
must flow through capacity in another part. The exact nature 
of the oscillation produced depends upon the particular com- 
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bination of inductance and capacity which is found, and would 
need investigation for the particular case. 

If consecutive voltages, or changes in voltage, be impressed 
upon the combination of inductance and capacity found in a 
winding, the resulting oscillations are superposed upon each 
other. It is clear, therefore, that excessive voltages may be 
built up by a series of such voltage changes or wave fronts, 
occurring at intervals corresponding to a resonant frequency 
of the particular combination of inductance and capacity. 
Such a series of waves would, in fact, constitute a wave train 
of the resonant frequency for this combination. 

While the distribution of capacity with inductance in trans- 
former windings is ordinarily too complicated to be accurately 
expressed in simple terms for mathematical analysis, yet wind- 
ings may be divided into two general classes, which are roughly 
represented by simple typical arrangements of inductance and 
capacity, and an investigation of the behavior of these sim- 
plified arrangements will give us a very satisfactory con- 
ception of the behavior of the two types of windings. We will 
now proceed to investigate in some detail these two classes of 
windings, which are: 

1. Windings in which inductance and capacity are practically 
uniformly distributed. 

2. Windings in which the capacity is more or less concen- 
trated and localized at certain places in the winding, the in- 
tervening portions of the winding constituting relatively con- 
centrated inductances. 

There is no definite line of division between these two classes, 
since, if the individual portions of inductance and capacity 
are relatively small, and the frequency relatively low, the 
latter type of winding will act like the former type, in accord- 
ance with the principle by which a telephone line loaded with 
inductance coils at sufficiently frequent intervals acts like a 
line with uniformly distributed inductance with respect to tele- 
phone currents, which have a wave length sufficiently great 
that several of the loading coils occur within the length of a 
half wave in the line. The classification as to behavior of any 
given winding depends, therefore, upon the frequency of the 
disturbance that is considered. 

A winding consisting of a single cylindrical layer is the simp- 
lest example of the first type mentioned above, while the second 
is represented by a winding consisting of groups of pancake 
coils interlaced with the coils of a low-voltage winding, which 
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will here be considered as ground. We will first consider the 
behavior of: 

Windings with Inductance and Capacity Uniformly Dis- 
tributed. A wave arriving from the line at the terminals of a 
winding of this type will be partially reflected and partially 
propagated into and through the winding. It will produce no 
internal oscillation, but. will merely pass along the winding, 
with velocity reduced and voltage increased from those found 
in the line. The tendency of both of these effects is to produce 
a steeper wave front in the winding than that found in the line, 
with correspondingly large transient voltages between turns. 
If the wave front is steep, however, there is, on the other hand, 
a very important opposite tendency to reduce the voltages 
between turns due to the capacity between turns. 

If we consider, for instance, the effect of a sheer wave front 
arriving at the terminals of such a winding, the distribution 
of voltage, at the first instant, will depend upon the distri- 
bution of capacity from the first turn to ground. Referring 
to Fig. 1, which represents the _ 


type of winding considered, it i i : iA 
is seen that this capacity is 
represented by a series of con- | Z y i 7 eae, i : . /| 


densers between adjacent turns, 
with the capacity of each turn Diagram of Nena and inductance 
to ground shunting the part of in winding with uniformly distributed 
the system beyond that turn, “@?2"tY 
This combination of capacities is the same as that investigated 
by Mr. F. W. Peek, in his paper on “‘ Electrical Characteristics 
of the Suspension Insulator,’’ TRaNsacTions of A.I.E.E., Vol. 31, 
Part I, pages 907-930. If the capacities between turns are 
large as compared with the capacities of ‘the individual turns 
to ground, and this is the condition found in practise, the total 
voltage, at the first instant, is distributed by the action of the 
system of condensers over a considerable number of turns. 
Although the maximum voltage will be found on the first turn, 
this will be a small percentage of the total voltage, and smaller, 
the larger the capacities from turn to turn. This indicates a 
disadvantage of extra end-turn insulation, which reduces the 
capacity between turns, and thereby increases the transient 
voltages which may occur between turns. 

The waves entering this winding will traverse it and be re- 
flected in it in much the same manner as in a transmission line. 
A reflection point corresponding to the closed end of a line 
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will be found at the middle of the winding for single-phase or 
delta-connected transformers, with conjugate half waves arriv- 
ing at opposite terminals at the same time, or at the further 
end for Y-connected transformers with grounded neutral. A 
reflection point corresponding to the open end of a line will 
be found at the middle of the winding for single-phase or delta- 
connected transformers with half waves of the same polarity 
arriving at opposite terminals at the same time. 

With a wave train of given frequency entering the windings 
the position and character of the reflection point fixes the loca- 
tion of the nodes of the resulting standing wave train. Neglect- 
ing the effect of internal losses, this also determines the ratio 
of the resulting internal voltages to those existing in the line. 
This relation is illustrated in Figs. 2A, 28 and 2c, which repre- 
sent standing waves of voltage in the winding in their relations 


Line’ Sere 


Neutral Point 


~~ Neutral 
Point 


M 
ES E ‘ E 2 
Ey —— 1 eee ee 1 aS 
Fic. 2a Fic. 28 Fic. 2c 
Standing waves of voltage in winding with uniformly distributed capacity, as 


Ze 
related to standing waves in the line, for different values of ‘< Zz, ~10- 


to the standing waves in the line. Referring to these figures, 
we call the maximum value of voltage in the line Ei, and that in 
the winding E:. The length of the winding from the entrance 
to the reflection point is y, and the wave length within the wind- 
ing }. Then, from the figures, we derive the equation 


Pig one 1 : 
E i, 2 1 
: / sin? 2 ie + (2) cos? 27 = (1) 


where Z;, and Z2 are the wave impedances respectively of the 
linesand the winding. Z,and Z, are further defined by the equa- 


tion Z1 = Vee and Z, = / ba where Li and C; are respec- 
1 2 


2206 WEED: TRANSFORMER CONNECTIONS [Sept. 17 


tively the inductance and the capacity per unit length of the line, 
and L» and C» the effective inductance and the effective capacity 
per unit length of the winding. This equation is derived as 


follows: : 
The number of wave lengths between the reflection node and 


the entrance to the winding is < and a is the fraction of a wave 


length between the entrance and what would be the next node 
of same character as the reflection node, if the line were continu- 
ous. Let E and I be the voltage and current at the entrance, 
which are common to the line and the winding. Then, remem- 
bering that voltage nodes are current antinodes, and vice versa, 
we may write , 


E = Ey sin 20 2 = fy sift @ (2) 
and 
I = I,cos2m + = Ty cosa (a) 
; E E 
or, since Lpe= Z, and [gu= Z, = (4) 
Ey yee Ey 
[= Z, cos 2m + = ee cos a 
whence, by the relation cos = V 1 — sin?, we have 
Ey Zh y ) 
Of ee 2 cae 
sintas=, ives Z, ©8 27 x (5) 
From (2) we have 
Esp © sity 
Ay sin 2 72 (6) 


r 


PRES a Lae a SS Se 
*See discussion on ‘Some Simple Examples of Transmission Line 
Surges,” Trans. A.I.E.E., Vol. XXXIII, 1914, p. 560. 


1915] WEED: TRANSFORMER CONNECTIONS - 2207 


Substituting sin a from (5) and simplifying, we get equation 
(@RE 

The way in which the internal voltages build up to the values 
shown in the figures and represented by equation (1) is explained 
as follows: With respect to the first wave of a traveling wave 
train, the transformer winding will act practically as open circuit 
to the line, regardless of the length of y, on account of the small 
amount of current admitted. That is, a voltage antinode and 
current node will be produced in the line at the entrance. Con- 


e centrating our attention upon figure 23 


ee with y = a we find that the internal 

3 6+} 

sre reflection will produce a voltage node 

2 b at the entrance. The succeeding wave 

Che will therefore find as free admission 
5 6 7 3 3% as the first, and its current will be 


superposed upon that of the internal 
standing wave already produced. This 
Reps es, in wind Process will continue, admitting more 
ing with uniformly distributed and more current from the line with 
capacity, as affected by the : , 
ratiolof winding lengtiy eo /each) succeeding “wave, until-the' cur- 
wave length, +, in terms of rent node found at first in the line at 
the maximum standing wave the entrance becomes an antinode, while 
voltage in the line. Plotted the voltage antinode is reduced to a node. 
Ee ea For the particular case represented by 
ris figure 2B, which gives the maximum in- 
ternal voltage, since y= 1/2 \, equation (1) simplifies to the form 


s (A constant) 


a ee Z, 
Eazy 


(for y =-1/2 .d) (7) 


The current in the winding is the same as the current in the line 
and the voltages are proportional to the respective wave impe- 
dances. Equation (7) holds for values of ysuch that y=1/2 dor 
any multiple thereof. 

The maximum internal voltage which could be produced is 
plotted in Fig. 3 in terms of the external standing wave voltage 


EF, for the ratio 3 = 10, with y varying between 0 and § X. 
1 


This curve repeats itself for the ranges of y between 3 A and X, 
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between \ and 13 X, etc. The minimum value for these volt- 
ages found for y equal } \ or any odd multiple thereof, is 


Ep» 
Ey 


=1 (fory =1/4 ») (8) 


It is worthy of note that for values of varying between 0 


- and 1, 3 and 3, etc., the current taken by the winding from the 
line lags 90 deg. in time behind the voltage at the transformer 
terminals, whereas for values between } and 3, # and 1, etc., the 
current leads the voltage by 90 deg. That is, in the former cases 
the winding acts like an inductance, and in the latter like a 
capacity. 

It should be noted, that, though the wave lengths as repre- 
sented in the figures are the same in the winding as in the line, 
this is not true in ordinary linear measure. The linear relation 
between wave lengths is found as follows: The relation between 
frequency, velocity and wave length is 


fey (9) 


where the velocity is 
1 


v= ae 
VTC 


(10) 


and L and C are the inductance and the capacity per unit length 
of the circuit. Since the frequency is the same for the line and 
the winding, using the subscripts 1 and 2 for the line and the 
winding respectively, we have 


elke 
he Sete ee z 
2 Sie G, 1 (11) 


The effect of frequency upon the internal voltages will become 
more obvious if we substitute in equation (1) the value of \ 
in terms of frequency, and inductance and capacity per unit 
length of the winding. This is 


1 


PAC: Ga 
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The substitution gives 
Ee ‘A 


= Soo 7 ; _- a 
Kado vA Cot (2) cos’? 2a fy V TCs (13) 


fy 
We must still consider, moreover, the effects of frequency upon 
Ly and Cs, since, at high frequencies, the effective inductance 
and the effective capacity per unit length of the winding are 
affected by the frequency. 

The turn to turn capacity between positive and negative half 
waves becomes important at high frequencies, on account of the 
proximity of the half waves. This capacity has the same effect 
upon velocity, wave length, wave impedance and voltage as twice 
the same amount of capacity to ground, and must therefore be 
added to the capacity to ground at double value. 

The increase in total effective capacity per unit length with 
increased frequency, due to this cause, is all the greater on ac- 
count of its reflex action. By reducing the velocity of propaga- 
tion, it brings the half waves still closer together, with consequent 
further increase in effective capacity. 

On the other hand, the effective inductance per unit length of 
the winding will be reduced by increased frequency. This is due 
to the fact that the part of the winding which acts asa unit with 
respect to inductance is reduced by the shorter wavelength. 
This effect is illustrated by Nagaoka’s table of correction factors 
for inductance calculated for a single layer coil by the formula 
for a long solenoid. This table, given in “ Calculation of Alter- 
nating Current Problems ’”’ by Cohen, pages 80 and 81, gives 
correction factors varying from unity for the infinitely long sole- 
noid to 0.2 for a coil of length 0.1 as great as its diameter. 

This reduction in inductance with increased frequency will 
tend to neutralize the effect of increased capacity upon the 
velocity of propagation, but augments its effect upon the wave 
impedance of the winding. If we assume that the factor by 
which the capacity is increased is the same as the factor by which 
the inductance is decreased, the sine and cosine terms in equation 
(13) will not be affected, the only effect upon the internal volt- 


ages due to the variations in capacity and inductance with fre- 
2 


quency being that which appears in the factor i , which may 
2 


‘ Gi 
be written Z,2 —. 
Le 
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Where Ly and Cy, are the total inductance and capacity of the 
winding measured at normal operating frequency, if we assume 


that the wave impedance of the winding is / = for the fre- 
Ww 


, which gives a 3 wave length within the 


1 
queneR rhe 


‘Ww Ww 
winding, and if we assume further that, due to the changes in 
inductance and capacity, the wave impedance is inversely pro- 
portional to the square root of the frequency,* we may write, for 
any frequency, 


Doo ah mes Sa > (14) 


We have also, when y is the total length of the winding, 
iN LCns Sees (15a) 


and when y is 3 of the length of the winding, 
fui Lee skeet see = (15b) 


Substituting (14) and (15a) in (13) we obtain 


EF 1 


= 16a) 
E : ‘err DY YAP C,3/2 PU ( 
* A/a 20 $V fC cos 2m SLC, 


or from (14) and (15b) 


Ee 1 
Weep ar een 2 3/2 Teed 
; M sin? © f VLete + Sie cos? f VLy Cy 


(16b) 


The internal voltages in terms of the line voltage, in accord- 


*This is equivalent to the assumption that Le is inversely and C2 
directly proportional to the square root of the frequency. 
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ance with equations (16), are plotted in Fig. 4, for the assumed 
values of 


Zi = 490 ohms 
Cw = 0.00248 mf. 
Ly = 0.175 henrys 


The effects of losses within the transformer winding were not 
taken into account in the above derivations. The dielectric 
losses at high frequency and high voltage are high, and cause a 
rapid damping of the entering wave train as it traverses the wind- 
ing. The outgoing wave being smaller than the incoming one, 
this gives a combination of traveling waves and standing waves, 


(a) y = full winding. 
(b) y = half winding, 


Voltage (E) as unit) 


ie) 10 20 30 40 50 60 70 


Kilocycles 
Fic. 4 


Effect of frequency upon the maximum voltage in winding with uniformly dis- 
tributed capacity, in terms of the maximum standing wave voltage in the line. 
Plotted from equation (16b), with Z: = 490 ohms, Ly = 0.175 henry and Cn 
=0.00248 m.f. : 


the standing waves being smaller the greater the damping. 
This not only prevents the internal voltages from building so 
high, but throws them out of phase with each other. With a 
true standing wave train, all voltages are in the same time phase, 
and either add or subtract numerically, but voltages measured 
between points equally distant in the winding have every value 
from zero to maximum. With a pure undamped traveling wave, 
the same voltage may be measured between points equally 
distant in the winding, but all phase relations are found. With 
traveling waves superposed upon standing waves, we find both 
varying voltages and varying phase relations between equidistant 
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points. This is what we will expect to find in a transformer 
winding of this type, the voltages being most nearly in phase 
near the node of reflection, where the standing waves predominate 
and furthest out of phase, but almost nearly equal, between 
equidistant points near the entrance, where the traveling wave 
component is maximum. 

Winding With Capacity More or Less Concentrated and Local- 
iged. A winding consisting of groups of pancake coils inter- 
laced with a low-voltage winding is represented by the simplified 
arrangement of capacity and inductance in Fig. 5. If the middle 
of this winding is grounded, or a neutral point, the middle capac- 
ity Cs is short circuited. Neglecting the capacities C; and Cs, 
adjacent to the line, which exist also, with the winding with 
distributed capacity considered above, and also neglecting the 
turn-to-turn and coil-to-coil capacities, which are in parallel 
with the respective inductances, we will consider a disturbance 


ly Le as 14 
Cy Co cs C4 Cy 
Ground , 
ff 7 
Fic. 5 


Diagram of capacity and inductance in winding with localized capacity. 


entering this winding from one end. We find between the line 
and neutral, or ground, the inductance L; in series with the paral- 
lel arrangement of inductance L, and capacity C2: Any other 
location of neutral point or ground, as with one end of the wind- 
ing grounded, will give a more complicated arrangement of 
inductance and capacity between this point and the line. The 
behavior of such combinations is, however, based upon the same 
principles as those which we will consider in detail in connection 
with this most simple arrangement. 

An impulse or wave of sufficiently short duration impinging 
upon this combination would be practically unfelt beyond the 
inductance Li, since the current in thé inductance would be zero 
at the first instant, and current must flow to charge the capacity 
Cy. Ifthe inductances and capacities were distinct concentrated 
quantities, as assumed, the voltage of this wave would be uni- 
formly distributed between the turns of inductances Li. There 
is, however, a certain amount of capacity to ground distributed 
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with the inductance. In fact, a large part of the capacities 
shown concentrated in the figure are distributed near the ends of 
the inductances. This would effect the concentration of the 
voltage of an abrupt wave front over a very small number of 
turns, and in the ultimate conceivable limit, with a perfectly 
sheer wave front, over a single turn, if it were not for the fact 
that we have also capacities between turns. As in the winding 
already considered, these capacities between turns always effect 
the distribution of an abrupt voltage over a considerable number 
of turns, the voltage between adjacent turns being smaller, the 
larger the capacity between turns. 


Time in milliseconds 


Fic. 6 


Voltage oscillations set up by a traveling wave with abrupt front, in a winding with 
capacity localized as shown in the sketch. Plotted from equations (36a) and (37a), 
with Zi = 490 ohms, Li = L2 = 0.1 henry and Cz = 0.0005 m.f. 


With a wave of considerable duration, an oscillation is pro- 
duced, which is investigated mathematically in an appendix 
to this paper, the resulting voltages across Li and L being plotted 
in Fig. 6 for the values Li = Ly = O0.1*henry, C,; = 0.0005 mf. 
and Z,; = 490 ohms. 

If a wave of opposite polarity from the first one appears at the 
terminals of the winding at the end of the first or any odd num- 
bered half cycle of the oscillation due to the first wave front 
shown in Fig. 6, a new oscillation will be superposed upon the 
first one in phase with it, with a corresponding increase in am- 
plitude. With no damping in the winding, the amplitude of the 
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voltages which might be built up in this manner by a succession 
of wave fronts of opposite polarity; so timed as to be in resonance 
with the oscillations of the winding, depends upon the current 
supplied by the line. The reflection of the first wave at the 
transformer terminal produces a voltage antinode and current 
node at the entrance of the winding. As the resonant voltages 
build up across the parts of the winding, the high frequency 
current taken by the winding increases, gradually changing the 
voltage antinode and current node at the entrance to a voltage 
node and current antinode. This supplies the maximum current 
which can be delivered by the line and consequently limits the 
resonant voltages produced. 

The frequency of the oscillations expressed in equations (36) 
and (87) of the appendix, and represented in Fig. 6, at which 
resonant voltages may be built up as described above, is the 
same as the frequency of resonance which would be calculated 
from the ordinary impedance equations. Thus, for the parallel 
combination of Lz and C2, at frequencies above its resonant fre- 
quency, the equivalent capacity impedance is (writing w for 


2a f): 


1 1 Ww tk 


Te fee i iliisie? Lic iad (17) 


This equivalent capacity resonates with the series inductance L; 
at a frequency giving 


1 
wl, = wc! (18) 


and from equations (17) and (18) we obtain 


Vase Or 
ae eo 


Or, when Li = L», dropping subscripts, 


; we 2 (20) 


* 1915] WEED: TRANSFORMER CONNECTIONS 2215 


This is the value of c in equations (36b) and (37b) as shown in 
(36a) and (37a) of the appendix, and the frequency found in the 
oscillations of Fig. 6 is 


1 sD 
espe Vee: ey 


Assuming that Zi, L2 and C, are not affected by frequency, 
and neglecting the internal losses of the winding, we may cal- 
culate the maximum voltages which would be produced by a 
sustained wave train of any frequency. As with the winding 
with uniformly distributed capacity, we will call maximum stand- 
ing wave voltage and current in the line E, and J, and voltage 
and current at the entrance of the winding E and J. As in 
equations (2) and (3) 


Pr=vH vsinta (22) 


and 

f=" J+) Cosa (23) 
‘‘a”’ being the fraction of a wave length in the line from the en- 
trance of the winding to what would be a nodal point corres- 
ponding to a short-circuited line. In the winding the voltage 
E must force the current J through the impedance 


Ie, 
why, a oe so that 
bas wl» 
ae (wL, aE Gacy sagan =<) (24) 


Substituting (22) and (23), this gives 


i vr wl» ) \ 
Hy sta, = I, cos a (wz, + ie SETS (25) 


whence 


tana = > (wz: =f tz) (26) 
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Having found a, the voltages across L; and L» are 


E,, = Ii cos a wL, (max. value) (27) 
and 
fe = Ty cosee gee (max. value) (28) 
ee = 1 —w Ls C 2 
Or, in terms of the maximum voltage in Line byte 
the line, cap 
F # 
‘Ee wly 124 
pe at 9 
By Z, COs a (29) | 
and 
Peat \ Bis a aes cosa (30) 


Ex fant 29 Cee Os} 


The gradient of maximum instan- 
taneous voltage within the winding, 
and the standing wave voltage in the 
line, in accordance with equations (26), 
(29) and (80), are shown in Fig. 7 for 
the values 


Z, = 490 ohms 
Li = Ly, = 0.1 henry 
Cs. = 010005 ime. 


and for various values of frequency 
selected with view to illustrating its | 
effect upon internal voltages. Ly, Le a ae | 
and Cz, are assumed to be constant | 
independent values (not affected by Fic. 7 
frequency). A feature of incidental § Voltages in winding with 
interest appears in the location of the Se aneptapeem ee 


related to the standing waves in 
voltage node (current antinode) in the the line, for different frequen- 
li ‘th tO t i cies, Calculated from equations 
ine with respect to the entrance to the (gg) ana (30), with’ Z: = 490 
winding. ohms, Li = Lo = 0.1 henry and 
; Cz = 0.0005 mf. 
We find the voltage antinode exact- ~ = 
ly at the entrance to the winding at the frequency at which L» 
and C, are in resonance with each other. This, for the value 
of inductance and capacity used, is 


1 


i 2a V Le Ce 


= 22,500 cycles. 
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Below this frequency this parallel combination acts like an in- 
ductance, of value increasing as the frequency increases and 
reaching infinity 


wl» 75 wLe = 
1 — Wc ” 0 si (31) 


at this resonant frequency. Above this frequency it acts like 
a capacity, of value increasing from zero at resonant frequency 
to the limiting value C2 at very high frequencies. 


1 
Below the frequenc = ——_—— the total arrangement 
MA j 2G <i ibes C2 e 
L,, L, and C, acts as an inductance, the inductive impedance 
pe eine eres with wi OT Reamliazes:Puand 
Peat Te g es with w Zi. e voltages E,, and F,, 


are in phase with each other, the value of the former diminishing 
to zero at ‘this frequency, where the infinite impedance 


wlo 


ar VATE » acts like open circuit. Between this frequency 


and the resonant frequency f = = ae at which the 
1/2 2 


voltage node appears at the terminals, the total arrangement acts 
like a condenser, with value increasing from zero at the lower 
frequency to infinity at the higher frequency. The voltages 
E,, and E,, are in phase opposition, the voltage at the winding 
terminals being equal to their difference. The voltage Fi, 
grows from zero value at the lower frequency to a value limited 
by the maximum value of current in the line at the higher fre- 
quency. The voltage E,,, which is the capacity or leading 
voltage, is greater than the voltage E,, by the amount of the 
voltage in the line at the winding terminals. Above the frequency 


i Ii+lL, 
Ee eg a Ee 
phase opposition, but the voltage Fy, is larger than E,, by the 
amount of the voltage at the winding terminals, and the total 
arrangement is acting like an inductance, increasing from zero to 
the limiting value Zi. At very high frequencies the voltage Fi, 
becomes very small, the voltage E,, being practically equal to 
the voltage in the line. 


f= the voltages E,, are E,: and still in 
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The variations in these internal voltages with the frequency, 
and that of the voltage across the total combination, are shown 
in the curves of Fig. 8. 

We have discussed in detail the behavior of the arrangement 
L,, Lz and Co. If the same winding (Fig. 5) were grounded at 
one end, or at some other point not the middle, or if a winding of 
more than four groups (six for instance) were grounded at the 
middle, assuming a simplification of the distribution of capacity 
such as shown in Fig. 5, there would still be a more complicated 
arrangement than the one we have considered. As already stated 
however, the same general principles would be involved in the 
behavior of any such arrangement. Detailed discussion is not 


te) 60 
Kilocycles 


Voltage (£; as unit) 


Fic. 8 
Effect of, frequency upon voltages in winding with capacity localized as shown 
in Fig. 7, in terms of the maximum standing wave voltage in the line. 
Plotted from equations (29) and (30), with Z: = 490 ohms, Li = Lo = 0.1 
henry, and Cs = 0.0005 mf. 


given therefore, to any other such arrangement, but, by way of 
further illustration of what may occur, we give in Fig. 9 aset of 
diagrams similar to those of Fig. 7, showing the relation of inter- 
nal voltages to the line voltage at various selected frequencies, 
with three groups of coils (three units of inductance, with inter- 
vening capacities) between the line and a grounded or neutral 


point. The equations for this case, to which these diagrams 
correspond, are 


il w(Le + Ls) = w Voom s (G 
ta i L 3 C3 
es z\" a eS 7 (ERMC am Se 


(32) 
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Le 1 
Fe ae zs wy, cos a (33) 
Fi, be oo ws — w Jip U5 C3 Bei 


EB, i Zee Daye Dy Cot ee eww Ls Le CaGe 
(34) 


| 
| 
| 
| 


| 31800 |eyeles| 55000 = 


pera [t= 
Fic. 9 


Voltages in® winding with capacity localized as shown, as related to standing 
waves in the line, for different frequencies. Calculated from equations (37), 
(88) and (39), with Zi: = 490 ohms, Zi = Lz = Lg = 0.1 henry and C2 = 


C3 = 0.0005 mf. 
and . 
FE, il wLs 
COs @ 


Pale, Wee Chal eae uc Lethality: Wald ayn Cs 
(35) 


With all inductance units equal and all capacity units equal we 
drop the subscripts and write: 
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1 {3wl — 40s? Coa TAC 


Lan CZ See ae eal ae (38) 
ae = — wL cosa (37) 
1 ag 
sie =e) wh — wil? C ‘ate ae 
Ey. Z,1 — 3 LE TAC 
and 
ea = yi wl A cia : (39) 


Ei, Z, 1-3wLl6 fw C 


Several cases of resonance, at different frequencies, are found 
in these diagrams. It will be noticed that high voltages occur 
across some of the inductance units, at different frequencies, 
but not always across all at the same frequency. The variations 
in the internal voltages of this combination with the frequency 
are shown in Fig. 10. 

As with the winding of distributed capacity, or damping due 
to the internal losses prevents the building up of the excessive 
voltages found above. These voltages can be built up only by 
the admission of small amounts of energy by the inductance L, 
from the successive wave fronts of a high-frequency train. The 
dielectric losses in the winding increase as the voltage builds up, 
until the energy absorbed is equal to the energy admitted. These 
losses are even higher in windings of this type than in those with 
distributed inductance and capacity, and probably restrict the 
voltages to a small fraction of those found above. 

It has already been mentioned that in any case a certain 
amount of capacity will be found distributed with the inductances 
Ly, Lz, etc. It is obvious, therefore, that at frequencies suf- 
ficiently high, these parts of this winding may behave in a man- 
ner somewhat similar to the winding with distributed inductance 
and capacity. That is, standing waves may be set up within the 
individual coils or groups of the winding. Frequencies giving 
these results are produced by discharges at or near the terminals 
of the transformer, and such discharges produce the most danger- 
ous condition with respect to the insulation between turns. On 
the other hand, the most dangerous condition with respect to the 
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insulation between the winding and ground (low-voltage winding 
and core) is produced by the frequencies producing resonance . 
between groups. The frequencies producing dangerous volt- 
ages between turns are much higher than these. 

Effects of Normal Frequency Currents and Voltages. No con- 
sideration has been given in the foregoing discussions to the 
effects of the normal voltages and currents existing in the wind- 
ings of the transformer before the arrival of the steep wave front 
and the high-frequency wave train. A statement of the principle 


Kilocycles 


100 


Fic. 10 
Effect of frequency upon voltages in winding with capacity local‘zed as shown 
in Fig. 9, in terms of maximum standing wave voltage in the line. Plotted 
from equations (87), (38) and (39), with Zi: = 490 ohms, Li = Le = Lg = 
0.1 henry and Ci = C2 = 0.005 mf. ; 


facts involved will be sufficient answer for the questions arising 
in this direction. 

It is evident that the distribution of voltage in a circuit or 
winding can not be disturbed or altered by the flowing of currents 
of equal value throughout the entire circuit, or by any changes in 
current which occur uniformly throughout the entire circuit, so 
that at any given instant the same value of current flows at 
every point in the circuit. Even the normal variations of voltage 
within a transformer winding having capacity are accompanied 


2222 WEED: TRANSFORMER CONNECTIONS [Sept. 17 


by the flow of charging currents which traverse only portions of 
the winding to supply the charges corresponding to the voltage 
changes of the capacity which is located within the winding. 
These currents are normal frequency currents, controlled by the 
normal flux variations which bind the charges supplied. These 
currents are ordinarily very small as compared with the normal 
frequency load or exciting currents which flow with equal value 
throughout the winding and upon which they are superposed. 

Now the current of a traveling wave entering the winding is 
only that required to change the potential of the winding to 
correspond with the voltage of the wave. The magnitude of this 
current will not be affected by currents already flowing with 
equal value throughout the winding.: _ Moreover, the normal fre- 
quency charging current of the winding is negligibly small as 
compared with that of the traveling wave and need not be con- 
sidered. The wave current is merely superposed upon the pre- 
viously existing current. 

The wave current is still small as compared with the normal 
load current of the transformer, so that if a transformer is loaded, 
the entrance of the first wave of an oscillation has small effect 
upon the actual resultant current. High frequency currents of 
considerable value might, as we have seen, be built up within 
the winding by sustained wave trains or oscillations at resonat- 
ing frequencies, except for the heavy internal damping due to 
dielectric loss at these high frequencies and with the high ac- 
companying voltages. Due to this damping, these currents 
are still relatively small. In any event they may still be looked 
upon as merely superposed upon the current with equal value 
throughout the winding, produced by the voltage impressed 
from normal source, although this latter current may become 
changed from its initial value. It does, in fact, change in normal 
operation, since it is an alternating current, but it may also be 
changed by the conditions producing the oscillation, as by short 
circuit, for instance. Thus, in the case of short circuit beginning 
with an oscillation, we have the oscillatory current superposed 
upon the current from the generator which has uniform value 
throughout the transformer winding at any instant, but which 
changes cyclically in time with the normal frequency of the gen- 
erator, and more or less gradually from the initial to the final 
value. 

Questions as to the effects of the initial or normally changing 
voltages or voltage distributions of the windings upon the 
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voltages set up by waves and oscillations have already been . 
answered implicitly in the above discussion of the effects of 
currents, on account of the perfectly definite relation between 
voltages and currents in any circuit with respect either to 
steady or gradually changing conditions or to oscillations. 
The statement may be made general, therefore, with respect 
to both voltage and current, that the initial current and volt- 
age of the transformer will have no effects upon the results of 
a steep wave front or high-frequency wave train except in so 
far as they may fix the conditions which set up the oscillation, 
and so determine its character, and in so far as the actual con- 
ditions of current and voltage set up are due to the superposi- 
tion of the oscillatory or traveling wave currents and voltages 
upon a value of current and a voltage gradient which is uniform 
throughout the winding and which is arrived at by a process 
of gradual change from the initial value. 

Effect of the Core and its State of Magnetization. It is neces- 
sary to consider the effect of the transformer core and its state 
of magnetization upon the behavior of the windings when sub- 
jected to a high-frequency disturbance. The statement of 
some fundamental facts will help to clear up these questions also. 

The variation of the flux in the core in response to the volt- 

age applied at normal operating frequencies, and the relation 
of the magnetic density to the exciting current, are well under- 
stood. It is also known that the core responds in the same 
general manner at high frequencies, the chief differences be- 
tween the behavior at high frequency and at low frequency 
being the apparent reduction in permeability due to the re- 
striction of flux from the center of the sheets by skin effect, 
and the increased eddy current and hysteresis losses for a 
given flux variation. None of these considerattons are im- 
portant, however, since the flux variations corresponding to 
any high-frequency voltage which may be impressed will al- 
ways be small. 

The behavior of the windings with respect to the core at 
high frequency will differ from that at operating frequencies 
in that a small part of one of the windings may act as primary 
with respect not.only to the other winding but also with respect 
to the remaining part of the same winding. Moreover the 
portion of the winding acting as primary is variable from in- 
stant to instant. Thus if we consider a traveling wave enter- 
ing the winding with distributed capacity, the first turns act 
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as primary with respect to all the other turns, whereas a little 
later the number of turns acting as primary turns will have 
increased. As the entering wave traverses the first part of the 
winding, the distributed capacity permits the setting up of 
reverse currents in the remaining part. of the winding, as well 
as in the opposite winding, which correspond to a condition 
of short circuited secondary, even though the other windings - 
were open circuited. The result is that the flux set up by 
the wave is practically all leakage flux occupying only a small 
portion of the core. If the wave be a long one, the secondary 
currents soon cease, with the charging of the available capacity, 
and the condition is changed from one of short circuit to one 
of open circuit. The flux due to the traveling wave thus comes 
to occupy the complete magnetic circuit of the core, resulting 
in a large increase in the inductance per unit length of winding. 
If the other winding be connected to a closed circuit, these 
conditions will be affected only in so far as current can be drawn 
from the other circuit. This requires voltage, and involves 
the transformation of the wave from one winding to the other. 

If we consider the case of standing waves set up within the 
winding, the amplitude of all of the waves being the same, 
we will in general find a fractional excess. of positive or nega- 
tive half waves of current within the winding. 

This gives an excess of positive or negative ampere turns 
which magnetizes the core, and so generates a voltage 
throughout the entire winding which is counter to the 
voltage in the line at the transformer terminals. The internal 
standing wave voltages are superposed upon this voltage. 
Within certain ranges of frequency or lengths of winding, 7.e., 


of the ratio ~~, .the standing wave current entering the wind- 


Xr ’ 

ing is restricted and consequently the internal standing wave 
voltages restricted, by the condition that the distributed 
voltage can not exceed the standing wave voltage found 
in the line at the terminals of the transformer. For the fre- 
quency giving the maximum internal voltages, however, 1.e., 
with a voltage node and current antinode at the entrance, 
there is no such restriction, since there are equal numbers of 
positive and negative half waves of current within the winding. 

Similar restrictions will be found with the winding in which 
capacity and inductance are separated into alternate more or 
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less concentrated amounts, but will not appear at resonant 
frequencies, since equal amounts of positive and negative cur- 
rent will be found within the inductances of the winding. 

The high-frequency flux set up within the core by an excess 
of positive or negative ampere-turns generates voltages not 
only in the winding upon which the high-frequency disturbance 
is impressed but also in the other winding. Charging current 
set up by this voltage in the second winding is in phase with 
the excitation, and tends to increase the voltage. Excess volt- 
ages may be thus built up in this winding at its resonant fre- 
quency. 

While the transformer core no doubt has an important influence 
on the behavior of the windings at high frequency, this in- 
fluence is not affected by its initial state of magnetization except 
in so far as its permeability is affected. The voltages generated 
by flux in the core are distributed throughout the windings, 
- and depend in a regular manner upon the unbalanced ampere 
turns and the high-frequency permeability of the core, in its 
existing state of saturation. 


CONCLUSION 


The above analysis of the behavior of transformer windings 
is by no means complete, but such an examination of the funda- 
mental facts and principles involved gives us a clearer insight 
into the nature of the excessive internal voltages which, as shown 
by experience, are produced in practise. This will enable us to 
guard against these voltages in a more scientific and economical 
manner. It is expected that this will constitute the subject of 
a subsequent paper. 

APPENDIX 

The behavior of the combination of inductance and capacity 
represented in Fig. 6, at the end of a transmission line, when a 
wave with steep front and of considerable length strikes it, is 
investigated as follows: 

The reflection in the line is at the first instant complete, as at 
the open end of a line, giving double voltage and zero current. 
If the voltage of the original wave is Z, and the current J,, the 
reflected voltage and current at the first instant are (Fi’)o = Fi 
and (I1/)) = —J;. At asubsequent instant the numerical value 
of the reflected current is reduced by the current flowing through 
the inductance Lj, and the voltage impressed on the transformer 
is correspondingly reduced. 
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The voltage at the terminals of the transformer to any instant is 
E —— fy + yO (1) 


This voltage appears across the inductance L, and the parallel 
arrangement Le» C2, so that we also have 


aid bss dI,, 
a Eaaga eC 


Ja, = IG 


where J,, and J,, are the respective currents flowing in induct- 
ances L; and Ly. 


In the line we have 
Fy — Tq, Zi (3) 


and 
Ey’ ee las Za (4) 


and the current in the inductance L, is 
Wee eee lh (5) 


so that 
wale TH = I, — ee 


This value in (4) gives 
Ey’ = (i = Ih) 21 uxaXG) 


whence 
JB, — Ey ros! oe Za (7) 


Substituting this value in (1) gives 
B= 2h ey (8) 


and this with equation (2) gives 


dl, 
dt 


dl, 
dt 


2F, = Joy + Is =F To Za (9) 


Now, considering voltage in the parallel elements C, and Ls, 


we have 
foodie earn 
{ C; cliche (10) 
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whence 
“ie. 
Ic, = Cy Le ie (11) 
We also have 
Te ae Lie = Tes (12) 
whence 
2, 
ty Silt Cons oe (13) 
Substituting (13) in (9), and transforming, 
a® I, a Zi @ I, iy Le a ly Zi I 
dé ts gig de Lota Gat Del Coe 
ieee 
ie Gs bg Co oe: 
and substituting 
2F, 
I ie ri, ee (15) 
we get 
@I Vbey qikg Ii+ Ll, dl Za i 
dt hey Gt a ple pitt U7piLs Cs pris ae) 
The solution of this equation is 
I = Aye™ + Age™ + Ase*# (17) 
%1, Xo and x; being the roots of the auxiliary equation 
La Lit Le Zi 
3 at Any, eet eas i 
SOS Sforiee Smee Tole man Fen On as (18) 


Itis known that all of these roots are negative, since all of the 
coefficients of equation (18) are positive. We may, however, 


2228 WEED: TRANSFORMER CONNECTIONS [Sept. 17 


substitute positive numerical values with the negative sign 
prefixed. Instead of equation (17), then, we may write 


T = Aye-* 4 Age-0! 4 A ge-ad (19) 


in which ay, a, and a; will be positive. 

For the ranges of values of the constants appearing in the 
coefficients of equation (18), it will contain a pair of complex 
imaginary roots. Inthiscase, instead of a1, a2 and a3, we may 
write a, (b — jc) and (6 + jc), and for purposes of calculation, it 
will be convenient to write equation (19) in trigonometric form. 
Thus, instead of 


T= Ayeo%# + Ave O-iot + J oe O19! (20) 
we have 
I = Ae% + e %4(B cos cf + G6 sin &) , {2D 


This equation represents a condition of damped oscillation 
superposed upon a condition of decay. 

It is not easy to obtain the roots of equation (18) in terms of the 
constants involved in the equation, but the numerical values of 
the constants may be substituted for any particular case, and the 
solution obtained for the particular case. It is necessary, also, 
to determine the constants A;,A,and As;orA,BandC. Having 
determined the constants A;, A; and A;; A, B and C may be 
determined independently, or from the relations 


Al a Aj | 
B =jAs As) (22) 
and ¢ = j (A, — As) J 


For determining these constants, since J,, and I<, are zero at 
the first instant, equations (15) and (11) give 


| QE, 
Tee 
| 44 
| 
Fort = (0) : = = (23) 
| 2 
and gd, = (0) 
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Substituting these values in (19) and its derivatives, we obtain 


2 Ey 


Ai+A,+A3= — Uy (24) 
1 
a€,A,+a,A,.+a;43; = 0 (25) 
and 
Oe eAn + a? A» + a;2 As = [() . (26) 
whence 
4 PA 1B, 
Vee Q2 a3 il 
: (a3 Sua), (C4 sre a2) Be on 
@ 
De led, 
vA a1 a3 1 
: (a1 se 2) (de = a3) Zi 23) 
and 
me ra Qa, a2 2 Fy, (29) 


(a2 — Gs) (as = ai) Z1 
Substituting these values in equation (19), we have 


-a, 03 


DH Qe 03 , 
(a1 — G2) (a2 — aa) 


a (a3 = 4) (ay ae 2) 


— a2! 


iL = eat + 


+ es] (30) 


(a1 — @3) (a3 — a3) ? 


Now we wish to determine the voltages across the inductance 
Ly and Loam! hese are 


AS Gin. 
ID, = Ly ese and Vihes —s Ls aa (31) 
For the latter, we obtain from equation (15) 
G1 tp GL. (32) 
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whence, substituting the value of J from (30), we have 


Ly [ Qa, Ao a3 


as — ait 
ee mg vA (d3 ay a1) (ay = a2) 3 


a 21,2203 
(a1 — G2) (a2 — a3) 


a, 4,03 
(d2 — as) (a3 — a1) 


en ait -b e7 ast | (33) 


We now obtain L; ou from equation (18). 
Thus 
dI,; ae Ag PL, 
Ly Tap ME Li =, (is + Cole a ) (34) 


Substituting the quantities in the parenthesis from equations 
(15) and (30), performing the required differentiations and sim- 
plifying, we have 
Ay, = — 2k = 7 (SES) LCase eat 
(a3 — @) (a1 — 1) (a1 — G2) 


a (1 Se Cy Le (2?) QA, Ap a3 
(a1 — G2) (dz — as) 


= aot 


rae At Gade s*)i-Gxbs Get 
eamencnccnce: S 

When the values of the constants in equation (18) are such as 
to give two complex imaginary roots, equations (33) and (35) 
are both transformed to the trigonometric form. The proper 
constants may be obtained directly from those of equations (33) 
and (35) by the relations given in (22). The roots a, anda; 
now being of the form b — jc,and b + jc, this gives 


IL, a(b? + @) 5 a—b. 
Bea E Z, Aa see [ ee (cos Chee sin ct) | 


(36) 
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and 


p. 2 
io = 2m 2s a(b? + c?) 


e+a-F fa Ar ie 


— el [( 1 + C, Le (2ab — & — 2) cos ct 


_ a -b+ Cols {h(a = 8) -2 +d} 5 ] (37) 
c 


It has been found by Mr. J. E. Clem, who calculated the curves 
for this paper, that within the range where we apply the above 
equations the following simplifications are possible: 

We have assumed L, and L» equal, and have therefore but one 
value of inductance as well as one of capacity. Dropping the 
subscripts, we have for equation (18) 


Zi 2 Za 
3 cea Ane — ——<——— | 
LD Vahey at ca er Oa PG 0 
AP Lek. 
Within the range of values used, ay 38 very small as com- 


pared with —{. The above equation may therefore, with sutf- 


ae 


ficient accuracy, be written 


jeri ld ee a ae Mera 


_ This equation is factored, giving 
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and the second 


: x Vat ae 


16x2e 


2 
But Be may be neglected; whence, 


16 7? 
Need 2 


The oscillatory case applies, with 


ge oixhevedlin aus whit, wd a 
Ge op a 0 Gy? and ¢ eae 


Substituting these values in equations (36) and (87), and remem- 
bering that a? and 6? are small, as compared with c?, it is found 
that these equations are represented with sufficient accuracy by 
the following: 


and 
Zi Zi = 
E ral Ai oe Haw (cos at 
ee es : <2 
Wve ass Ve )| (37a) 
rc 
Written in the general form, these equations are 
= —at __ p—bt b 
E,, = Ey) e e cos ct — — sin ct (36b) 
and 


E,, = E, - alt ¢- i cos ct — » sin ct )| (37b) 
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Discussion ON ‘‘ ABNORMAL VOLTAGES IN TRANSFORMERS ” 
(WEED), SAN FRANCISCO, CAL., Sept. 17,.1915. 


R. W. Sorensen: I wish to bring before this transmission 
session the outline of a method of eliminating by means of trans- 
formers, abnormal voltages in an extensive high-voltage tran 
mission and distribution system operating in Southern California. 

This system when completed was practically as is shown in 
Fig. 1, with this exception: at the station marked ‘‘ Vernon ” 
there was no bank of transformers installed for the suppression 
of disturbances as given in the diagram. Thus it will be seen 
that the distribution network was made up of approximately 
250 miles of 18-kv. line and 100 
miles of 60-kv. line, all three- 
phase, and interconnected at 
Eagle Rock, as shown, and also 
at Vernon and at another point 
50 miles from Vernon through 
delta-delta transformer banks, 
these latter connections not 
being shown in the diagram. 
Added to this there is, of course, 
the 8-phase, 150-kv. transmis- 
sion line feeding the Eagle Rock 
station. 

At a number of points on the 
18-kv. system are substations 
stepping the voltage down from __ 
18,000 to 2400 volts for local : 
distribution. Shortly after the | 
entire system including the 150-! 
kv. and the 60-kv. lines had: 
been put into service, there were | 
a number of serious interruptions Breed 
disastrous both to service and 
apparatus. These interruptions were due to discharges from 
the 18,000-volt lines to ground in various parts of the 18,000- 
volt system, there being apparently no definite point of discharge. 
When these discharges occurred and one phase of the lines was 
thus grounded there usually followed one or more other dis- 
charges at various points on the system, these subsequent 
break-downs or grounds, as we termed them, occurring frequently 
_as far as 50 miles away from the point of the first ground. An 
examination of the places where these resulting or secondary 
grounds occurred showed clearly in a number of cases the so- 
called ‘‘spatteration ” effect so often produced by high-fre- 
quency discharges. Further, the distances jumped by these dis- 
charges forming the grounds indicated either very high-frequency 
surges or wave fronts of alarming potentials in the system. In 


ggiet— t= So Se 
Saad 


Eagle Rock 
Substation 
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fact, so certain were we of the evidences that such high-frequency 
disturbances were taking place that without resorting to oscil- 
lograph tests we came to the conclusion that some means must 
be provided to absorb the surges starting from a ground occurring 
some place on the system. 

Some of my former experiences naturally led to the adoption 
as a means of accomplishing this result of a bank of trans- 
formers connected star-delta, as shown in the station marked 
Vernon on the diagram previously referred to. In this particular 
instance there was already at Vernon three 5000 kv-a. trans- 
formers rated 60,000 volts high-tension and 15,000 volts low- 
tension, which were not in use. These transformers were 
arranged in a three-phase bank, the low-tension windings being 
connected star with the neutral grounded, and the high-tension 
windings connected delta. The low tension terminals of the 
bank were then connected to the 18,000-volt 3-phase system, 
the high tension delta connection being left to float free rather 
than being connected to any lines of the system, thereby being 
allowed. to serve entirely the purpose of a damping circuit for 
any unusual high-frequency current tending to flow between one 
phase of the 18,000-volt 38-phase system and the neutral should 
a phase for any reason become grounded. More than a year 
of operation with this arrangement with less trouble than oc- 
curred in two weeks before it was put into service has demon- 
strated its entire success on this system in confining the damage 
done by grounds definitely to the point of first ground, thus 
making the trouble a local trouble rather than one involving the 
entire system. This was accomplished by damping out by 
circulating current in the bank of transformers the energy of 
surges set up when one phase of a system in which there is a 
comparatively large amount of electrostatic capacity becomes 
grounded, rather than allowing this energy to take the form of 
high voltage strains resulting in more ,or less damage to the 
system and involving the entire system in a shut-down. I think, 
also, that the ground connection on this auxiliary bank of trans- 
formers at Vernon for the suppression of high-frequency oscil- 
lations has been of great assistance in eliminating the number of 
primary or fundamental arc-overs to grounds occurring on 
the system, because it has served to equalize the electrostatic 
potentials between the different voltage distribution networks 
and the ground. 

I should like to point out in this connection the fact that this 
experience has led me to the definite conclusion that in any large 
network of high-voltage distribution it is impossible to continue 
the operation of an isolated delta system without a shut-down, 
due to disturbances, when one phase of the system becomes 
grounded. 

F. F. Brand: From Mr. Weed’s paper it appears that any 
type of transformer winding is liable to have these excess volt- 
ages produced in it. Now it therefore appears that if these 
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excess voltages do not do any damage the oscillation must 
be dampened out before these voltages can rise to high enough 
values to puncture the insulation. 

It seems to be a general conclusion among many operating 
men that troubles due to surges occur more readily when lines 
are lightly loaded than when they are heavily loaded, although 
Mr. Weed does not make that point in his paper. I would like 
to ask him if he thinks that the extra losses due to hotter lines 
and hotter transformers, that is, increased copper loss and per- 
haps more particularly the tremendous extra loss in the insulation 
which occurs at the higher temperatures under load, account for 
this apparent effect of dampening out surge voltages. 

Percy H. Thomas: There is a well known condition in which 
trouble such as Mr. Sorensen describes would occur from that sort 
of connection without the existence of any particular surges, and 
perhaps he can tell us off-hand whether that may be the condition; 
that is to say, if we have 150,000-volt transmission system and 
lowering transformers, we will say, 15,000-volt secondaries, 
and the circuits connected to the secondaries are not definitely 
grounded at any point, then by virtue of the electrostatic capac- 
ity between the primary and secondary windings of the step- 
down transformers any disturbance of the potential on the 
150,000-volt circuit would tend to produce a high electro- 
static potential on the 15,000-volt circuit. That would cause 
such demonstrations as he speaks of. This condition of induction 
must be met in all circuits, of course, where the 15,000-volt or 
the secondary system is one of small electrostatic capacity. 
You could not operate such a small capacity system without a 
dead ground or a lightning arrester on the secondary circuit. 

I would like to ask whether there was any ground on the cir- 
cuit in the present case before this addition of the 60,000-volt 
and 15,000-volt transformers, and whether it is not possible that 
the grounding of this circuit was sufficient to eliminate the trouble 
merely by keeping the 15,000-volt circuit at its normal potential. 

R. W. Sorensen: I would answer Mr. Thomas’s inquiry by 
saying that both the ground and the delta secondary aré neces- 
sary at Vernon, as there appeared to be no difference in the 
severity of the disturbance with or without the ground connection 
at Redondo, as shown on the diagram, prior to the installation 
at Vernon of the transformer arrangement for the suppression 
of disturbances. Some of the disturbances, which occurred 
apparently without any definitely determinable provocation, must 
undoubtedly have been occasioned by the very thing mentioned 
by Mr. Thomas, as then the discharge of the large line capaci- 
tance through the inductance of the line and ground thus formed 
would generate enough voltage to give one or more other break- 
downs to the ground, there being in a few cases a half dozen or 
more grounds occurring at apparently the same time, the light- 
ning arresters at such time appearing to be no good, because these 
high-frequency discharges were beyond their range of operation. 
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I might add that although no oscillograph tests were made 
directly on the system, laboratory tests under conditions ap- 
proximating those of the system were made, oscillograms of 
which showed well the remarkable smoothing up of current 
and voltage waves in the system by the introduction of a bank 
of transformers connected in the manner described in my discus- 
sion. 

J. M. Weed: Mr. Brand’s question brings up a point which 
may not have been properly emphasized in the paper, namely, 
that the voltages found by the calculations and represented 
by the curves are not produced in the actual transformer. This 
is principally due to two things, first, the fact that in practise 
high-frequency wave trains are not sustained long enough to 
produce these maximum voltages, and second, the fact that the 
internal losses, which have been neglected in the calculations, 
are active in absorbing the energy which produces these volt- 
ages. The greater these losses, the smaller will be the voltages 
which are produced. The most important element of these 
losses is the dielectric loss in the insulation, and since this loss 
increases very rapidly with increase of temperature the voltages 
produced in a hot transformer by a given high-frequency dis- 
turbance will certainly be lower than those produced in a cold 
one. In so far, therefore, as the temperature of a transformer 
is raised by its load, the internal voltages produced by high- 
frequency disturbances will be reduced thereby. 
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CALCULATION OF SUDDEN SHORT-CIRCUIT 
PHENOMENA OF ALTERNATORS 


BY N. S. DIAMANT 


ABSTRACT OF PAPER 

The theory and explanation of the electromagnetic phenomena 
involved in the sudden short circuit of alternators, as given 
by Berg and Boucherot, is first briefly considered. It is shown 
how complex the different resistances and reactances are that 
enter the equations of sudden short circuits. 

New methods are developed for the experimental determina- 
tion of these quantities by simply determining the rise of direct 
current in the field and armature circuits. (See IIT) Also new 
simple methods are given, based on theoretical equations, for the 
calculation of short circuits directly from oscillographic re- 
cords. (SeeIV). 

Data relating to the short circuit of a 45-kyv-a. alternator 
are given; also an electrical device, designed by the writer and 
used in most of the tests, for short-circuiting a machine at any 
given point of the e.m.f. wave, is described. (See III). 

As a whole, an attempt is made throughout the paper to 
put calculations of sudden short circuits on a sound rational 
basis and to test the correctness of the theories given. 

The paper is divided into the following self-explanatory sec- 
tions: I—General theory and explanation of the electromag- 
netic phenomena of sudden short circuits of alternators. [I]— 
Experimental methods for the determination of alternator con- 
stants. III—Sudden short-circuit tests. Three-phase, single- 
phase, etc. IV—Methods of calculation. W—Determination 
of armature reactance (impedance). VI—Effect on supply: 
ViI—Critical résumé and some conclusions. VIII—Descrip- 
tion of apparatus and list of symbols. 


INTRODUCTION 

MONG the transient phenomena which have within less 
A than a decade assumed such an important role in the 
development and progress of electrical engineering, those of 
sudden short circuits of dynamo-electric machinery, in general, 
and of alternators, in particular, stand by themselves, both on 
-account of their importance and extreme complexity and diffi- 
culty. Confining attention to the latter only, which affects so 
vitally large central stations, railways, etc. it will be found that 
our knowledge of the subject is not very thorough, and that the 
little that has been published is descriptive, qualitative and 
empirical rather than analytical and quantitative. The rea- 
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son for this is not far to seek when it is remembered that even the 
subject of regulation, very important as it was in the earlier 
days, after having for so many years taxed the ability and in- 
genuity of so many brilliant engineers, is hardly considered 
at present as completely solved. 

In the sudden short circuit of alternators, the same quantities, 
namely, armature reaction and leakage reactance, which affect 
regulation, enter the problem. Besides these, however, the 
leakage reactance of the field and its resistance have to be con- 
sidered, with the further complication that one is a normal and 
permanent phenomenon while the other is an abnormal and 
transient. 

In the following an attempt is made to deal with this impor- 
tant subject analytically and experimentally. The theory is 
first considered, briefly, and then the methods developed by the 
author for the practical calculation of short-circuit characteris- 
tics of alternators are outlined; also approximate methods for 
testing the correctness of the theories are indicated. At the end 
a critical résumé bearing on three-phase short circuits, and some 
conclusions, based on theory and experiment, are given; these 
will enable one to get some of the principal points brought out 
without studying the paper in detail. 


I. GENERAL THEORY AND EXPLANATION OF THE ELECTRO- 
MAGNETIC PHENOMENA OF SUDDEN SHORT CIRCUITS 
or ALTERNATORS 


There has been considerable discussion on the subject, before 
technical societies, especially, in connection with ‘“ current- 
limiting reactors.” In this way indirectly, and through some 
valuable articles in technical periodicals, interesting practical 
experiences have been recorded. But as far as the phenomenon 
of short circuits is concerned, it is not uncommon to find indefi- 
nite statements and incorrect ideas and theories. Therefore, 
it seems desirable to give at first the general theory as proposed 
by Drs. E. J. Berg and Paul Boucherot. 

Berg’s Theory In order to fix our ideas, let us assume that 
an alternator is running light at full speed and generating normal 
voltage. Just before short circuit the field m.m-f., acting alone, 
produces a certain flux, ®yormat, Which links with the armature, 
since these two circuits are in mutually inductive relation to 
each other like the primary and secondary of a static transformer. 


1. The writer is greatly indebted to Dr. Berg for kind permission to 
give his theory here for the first time. 
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At the instant of short circuit, there is a great rush of current 
in the armature which causes a variable pulsating magnetomo- 
tive force. This m.m.f., which was absent before the short 
circuit, sets up a varying flux and owing to the mutually induc- 
tive relation of the two circuits—armature and field—large 
electromotive forces are induced in the closed field circuit which 
in turn cause large currents to circulate. 

Naturally, by Lenz’s law, this current in the field tends to 
neutralize its cause, and thus the m.m.f. of the field tends to 
oppose the m.m.f, of the armature. Furthermore, it is known 
that the flux in the armature after a short time is reduced to that 
corresponding to the permanent short-circuit condition due to 
armature reaction. 

Thus the flux in the armature, somehow or other, dies down 
from ®, = Ppormal to Pp sh = Ppermanent short- Assuming that 
the initial field and armature m.m.fs. are equal and oppo- 
site, the flux in the armature will then decay approximately 
according to a simple exponential; consequently, the e.m.f. pro- 
duced by this decaying flux will be: 


E, « sin 0 (1) 


where a; is the damping or attenuation factor of the field struc- 
ture and E, is the maximum e.m-f. corresponding to the flux 
(@, — ®ys,). The part of the flux which persists during the 
permanent short circuit, produces an e.m.f., Ee sin 6, just 
sufficient to send the armature current through its impedance. 

In this manner, the e.m.f. of each phase can be separated into 
two parts: one transient, corresponding to (®, — ®pen), the 
other permanent, and equal to the impedance drop under per- 
manent short circuit. In general, the armature emf. before 
short circuit is 


@, = (E;, e~2f @-% + Ee) sin 0 (2) 


where 6; is the time phase of the e.m.f. wave at which the short 
circuit happens to occur. By means of this simple analysis the 
phenomenon is reduced to a transient for which, according to 
Kirchhoft’s law, 
2 dig 
€a = ara + Xa “dé. (3) 


where i, is the armature current at any time @ after the short 
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circuit, and 7, and x, are the armature resistance and leakage 
reactance, respectively. 

Introducing the boundary condition that at 0 = 44, 7.e. at the 
instant of short circuit the armature current is zero, the follow- 
ing expression can readily be obtained:? 


lq = = ee CF EAS tit (Oi) 
+ sin (@ — B,) — em vate—00 | e f s aaataas 2) 
oR a Rae atee (4) 


The meaning of the new symbols being :*2,.= V tT +x = arira- 
ture impedance; a@¢=/74/xa=armature attenuation factor; R/X 
= a — a Z = VR? 2X? B = tan Ay R30 Pica tanet 
Lo ae 

The above equation can be simplified by assuming B = By 
= 90 deg.; it will be found convenient to write it in the following 
form: 


(A + B) €-*a8-%) cos 6; — A €- %-%) cos O— B cos 8 (5) 


From (5), if desired, the armature magnetomotive force, power, 
field current, etc., can be obtained. 

Boucherot’s Theory. The above theory, characterized by its 
great simplicity, may be termed the e.m. theory in distinction 
to Boucherot’s flux theory, as it may be called, which deals with 
fluxes and coefficients of induction. Thus, to simplify matters, 
consider a two-phase alternator in which there will be no mutual 
induction between the phases. 


2. Equation (3) belongs to the well known type of linear differential 
: d : 
equations: a = Py + Q, where P is assumed to be constant and Q is 


a function of the time angle #. It is not necessary to give the solution 
here in detail as it can be found in any standard text on Differential 
Equations. 


3. Trans. Int. Elec. Congress, 1911, Turin, Italy. Also Bull. Soc, 
Int. Elec. (Paris) 1911. ; 
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As already explained, the flux in the field during short circuit 
passes from a value ®; to a smaller value ®,,,. If M be the maxi- 
mum mutual induction between field and armature, MJ; will 
be the maximum flux enclosed by any given phase, and, if the 
short circuit occurs at the time 4; = 0:1/w = 6,/27 ft., then 
evidently 


MI, cos 0; = da (6) 


will be the flux enclosed by phase A, for instance, at the first 
instant of the short circuit, and 


MI, cos (wt + 61) = Mis cos (8 + 41) (7) 


at any time, ¢, after the short circuit; in (6) and (7) I; and 7; are 
the field currents before and after short circuit, respectively. 

Corresponding to the above there will be two similar equations 
for the second phase, B, 


M I; sin ,= 05, (8) 
and 


M i; sin (wt + 6:1) = M iz sin (6 + 41) (9) 


Since the armature resistance is always small compared to its 
reactance it can be assumed that the final flux in the armature 
during permanent short circuit will be zero. According to the 
above then there is a change of flux in the field from ; to $p., and 
in the two phases, from ¢. to zero, and ¢, to zero. Making the 
simplest possible assumption, as before, that these fluxes decay 
according to simple exponentials, and applying Kirchhoff’s law 
to the different magnetic circuits of the machine the following _ 
set of equations is obtained: 


M cos (0 + 0;) iy + La ta-= Ga € %2" 


sm M sin (0 + 01) iy + Lo i» = 0 €- 20° at 
M cos (6 + 61) ig. + M sin (0 + 61) t» + Ly ty 


= P psh i (@, = Posh) e~ «7 


where L, and Ly are the coefficients of self-induction of the 
_ two phases. 

These equations state in a mathematical short-hand what the 
flux in each circuit consists of, Translating these into English, 
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the first states that by virtue of the mutual induction which 
exists between phase A and the field, the total fluxin A, ®, €~%4° 


at any time, t = is the sum of the mutually inductive flux 


coming from the field and the self-inductive flux of the phase 
itself. Similarly with the other expressions. 

A little consideration will show that according to this method 
there will be a different set of equations for single-phase and three- 
phase short circuits, with and without amortisseur windings, etc. 
Indeed, in case of three-phase short circuits there is the mutual 
induction between the phases which comes in and complicates 
greatly the mathematical solution of the problem and though 
of great commercial importance, this case has not been worked out 
by Boucherot. 

The solution of the above set of equations, or any other for 
that matter, is not very simple and too long to be introduced 
here. For further details the original memoire must be consulted. 
However, the following equations may be noted: Armature 
current in case of two-phase machine without amortisseur wind- 
ing, 


ta = Ins, [cos(wt + 61) + A €-%'! cos (wt + 0,) 
—.B e—tea' cos 0; — 5A e~ta! cos (2 at + 63) | (41) 


where B = 1 + A/2; ay = field resistance divided by the total 
field leakage inductance and a, = armature resistance divided 
by the total armature leakage inductance. 

For the second phase there will be a similar equation in terms 
of sine instead of cosine. When the machine is equipped with 
a perfect amortisseur winding above the equation somewhat 
simplifies into: 


ta = Ips [cos (wtt+6:) + Aes? cos (wi t+6) — B €-2a- cos Oi) 
(12) 
where B = 1+ A. Similar although much more complicated 
expressions are given in the original paper for single-phase short 
circuit currents etc. But these have to be simplified a little 
before they can be of much practical value. 
It is well at this point to consider the physical side of the sub- 
ject in a little more detail. It has been shown that there is a 
change of flux during short circuit both in the field and armature 
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circuits. It is also well known that any change of flux in a closed 
circuit divided by the total resistance of the circuit represents a 
quantity of electricity g, due to the change of flux. Thus the 
decay of flux in any given phase of the stator produces a quantity 
of electricity which manifests itself as a direct current and which, 
of course, produces an alternating current in the field. A little 
consideration will show that the direct current in the stator 
which dies down according to the attenuation factor of the arma- 
ture, Qa, depends entirely on the time at which the circuit is 
closed; if the flux in any given ‘phase of an alternator encloses 
at the instant of short circuit an amount of flux equal to the 
permanent short circuit flux, ¢)s,, then obviously, there will be 
no change of flux and consequently no direct current produced in 
that particular phase, and the armature current will be symme- 
trical. 

Similarly a direct current is produced in the rotor, due to the 
change of flux in the field, which causes an alternating current in 
the stator. These may be said to be the most important interac- 
tions between stator and rotor during short circuit conditions 
and if one turns to the equations given above it will be noted 
that: 


first term in (11) represent the permanent short-circuit cur- 
first term in (12) | rent corresponding to the small flux due to 
third term in (5) the normal field m.m.f. and the demag- 
netizing armature reaction. 


first termin (5) represent the current due to the change of 

third term in (11) flux in the phase under consideration and 

third term in (12) therefore involve the time angle 6,, at 
which the circuit is closed. 


second termin (5) ) represent the current due to the change of 

second term in (11) | flux in the field and consequently are in- 

second term in (12) } dependent of 6, and are functions of the 
j field damping factor, a;. 


In (11) there is an additional term due to the change of flux in 
the amortisseur winding. 

Equations given above may at first glance seem rather com- 
plicated for practical purposes, but closer consideration will show 
that they are not long and tedious to work out, and especially 
with the simplification introduced when 6 and #8; are taken equal 
to 90 deg., and the use of the methods given later, the calculations 
‘are reduced to those of a simple exponential of the form, x= Xe~*! 
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However, the question of greatest importance and extreme 
difficulty is the determination of the different characteristics, 
namely, armature reactance and the damping factors ag and 
a;. The last two, a, and ay, can be said in general to be equal 
to resistance/reactance or resistance/inductance, according as 
6 or t is taken as the independent variable. Consider in particu- 
lar the damping factor of the field, r;/x;; r; here is not only the 
ohmic resistance of the field spools but it includes any eddy cur- 
rent or energy consuming effects which help to damp out the 
field transient. Again x; is not the self-inductive reactance of 
the field spools by the total leakage reactance of the field and 
armature. Similarly a, is a complicated quantity, so that even 
under the simplest assumption which is almost necessarily always 
made, that a, and ay are constant, it seems extremely difficult 
to calculate these quantities with a fair amount of accuracy. 

The complex nature of these quantities has been recognized 
by several investigators such as Miles Walkert and Berm who 
without attempting to define them rigorously has called them the 
equivalent resistance and reactance of the field structure, etc. 
Others, however, have apparently failed to-understand the real 
meaning of these several quantities and have attempted either 
to simplify them too much make them simpler than they would be 
for two air core mutually inductive circuits—or complicate them 
unnecessarily by trying to combine armature reactance and arma- 
ture reaction into a single term. 

It became clear to the author, very early in this investigation, 
that the best method of determining the above quantities is by 
somehow imitating, in a simple way, the complex phenomenon 
of sudden short circuits. This was accomplished by studying 
the rise of direct current in the stator and the rotor under different 
conditions and thus determining experimentally average values | 
for the damping factors which can be assumed constant. 


JI—EXPERIMENTAL METHODS FOR THE DETERMINATION OF 
ALTERNATOR CONSTANTS 


Tests were made on two machines which may be designated as 
machines A and B; information regarding these will be found in 
section VIII. The experimental work on A, a 45-kv-a. alterna- 
tor, was more extensive than on the other, and the results are 
given herein in considerable detail; however, the results obtained 
with machine B were very satisfactory and in every way con- 
firmed those secured with the alternator A. 


4 Journal Inst. Electr. Eng... London. August 1910. 


YY 
\ 
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To determine the attenuation factor of the field, tests were 
made as follows: 

(a) Rise of field current with the machine stationary and the 
stator open-circuited. 

(bd) Rise of field current with the machine stationary and the 
stator Y-connected and dead short circuited. 

(c) Rise of field current with the machine running at normal 
speed and the stator Y connected and short circuited at its ter- 
minals. 


(d) Same as (c) except comparatively high resistance inserted 
into the armature circuit. 


foe) 
o 


a 
Oo 


S 


nN 
is] 


104 OG = ATTENUATION FACTOR FOR FIELD STRUCTURE 


ie) 207 4070 607 8070 100.7 12077 14077 
ELECTRICAL TIME ANGLE IN RADIANS 
0.50 0.75 


0 0.25 1.0 1.25 


“TIME IN SECONDS 
Fic. 1—TypicaL CURVES SHOWING aj AS FUNCTION OF TIME 


Lower curve obtained from oscillogram No. 28, giving rise of field current with machine 
running at full speed and stator circuit practically open. 
Upper curve: same conditions, except armature dead short-circuited at its terminals. 


(e) Same as (c) except that the stator was left open. 

The results of these tests are given in Table I, and are based on 
the assumption made throughout the paper, that the reactance 
is constant. An attempt was made to take saturation into ac- 
count, by using the Kennelly-Frolich equation for the magneti- 
zation curve; this, however, complicated matters very much 
without a corresponding increase in accuracy. Experiments 
also indicated this refinement not to be quite justifiable; plotting 
ay against time, in every case typical curves like the ones shown 
in Fig. 1 were obtained, and it can be seen from these that ay 
does not vary over a wide range. 

Making the above assumption (permeability constant) and 
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neglecting the effect of the secondary or the stator in case (a), 
a, can readily be calculated by means of the well known equation: 


tp LPC ee) (13) 


where i, and I; are the instantaneous and maximum values of 
the current, respectively, and can be measured directly on the 
oscillograms and 6 can be obtained from a reference timing wave. 
(See Figs. 8, 9, etc.) 


TABLE I 
Meth- Max- | Value of “f 
od imum |————————- 
No. of|usedin] Machine | field for for Manner in which armature of al- 
oscillo-| calcu-| at rest or | cur- | high | low | ternator was connected while taking 
gram, |lating| running rent di di | oscil. of rise of field current. 
aT Ekashoyy | [e —=— | 
dt dt 
25 G at rest 5.0 |0.0037|0.0030] Y connected, dead short circ. 
26 s re hy 4.98 |0.0035]0.0028] open 
27 & 1200 r.p.m.| 5.08 |0.0034/0.0023} open 
28 S Ce that 3.1 |0.0040/0 0023] delta connected c. lamps, used as load 
120 ohms across terminals 
29 = 7 & 5.0 |0.0036|0.0025| 240 ohms across two of the term. 
31 = Snes 3 0.0033/0.0023) Open 
32 & e & 5.05 |0.0037|0.0025| 80 ohms across two of the term. 
34 i S 4 4.95 |0.0097|0.0075| Y connected, dead short circ. 
35 = ben 5 0.010 |0.0085| “ ag S sae 
37 ie Co Ae 5 0.012 |0.0092| “ s 4 Dee 
30 K $ 2.98 |0.0040]0.0032| same as oscillogram No. 28 
30 N Hoge 2.98 |0.0042/0.0036 Sey f «OBS 
32 & Gi is 5.03 |0.0035|0.0028} 80 Ohms across one phase 
35 $ Ses 5 0.0095/0.0085| Y connected, dead short cir. 
37 “4 LD, a a 5 0.0097/0.0088} “ s i Se 


Average value of “f when time rate of change of current is high: 0.0106 
Average value of “f when time rate of change of current is low : 0.0085 
Mean value of @f is 0.0095. 


Method G refers to determination of “f from the rise of the field current while N refers 
to determination of “f from the rise of armature current and K from the rise of the stator 
exploring coil voltage. 


In the other four cases,and especially in case (c), the effect of the 
secondary or armature must not be neglected; however, since the 
stator resistance is negligible compared to its reactance, it can be 
shown that with very good approximation, the same type of equa- 
tion will apply, with the important difference that x; is no longer 
the true self-inductive reactance but the total leakage reactance 
reduced to the field circuit. 

This method of calculating a; from the rise of the field current 
by means of (13) is referred to in Table I as method G. In 
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methods N and K the same type of equation as (13) was used to 
calculate a; from the rise of the armature current (due to the rise 
of field current) and the rise of stator exploring coil voltage. 
(See Figs.8,9and10.) However, it should be noted that method 
N is not as accurate as method G. 

The truth of all the above statements in reference to the cal- 
culation of a; follows from fundamental principles and the ap- 
plication of Kirchhoff’s laws and it seems hardly advisable to 
elaborate on them, as this would require considerable mathe- 
matics. 

It is clearly seen from Table I that while a; is small (about 
0.003) when the stator circuit is either open or closed through a 
comparatively high resistance, it increases over three times (to 
about 0.0095) when the armature is short-circuited and the 
machine run at normal speed. Since the resistance of the field 
structure including eddy current losses, etc., cannot be very 
different in the two cases, for this particular machine, it is clear 
that the ratio of the true self-inductive reactance to the total 
leakage reactance reduced to the field is about three. Careful 
study of the table reveals many interesting points which all go | 
to show the importance of leakage reactance and increase in 
eddy current losses during rapid transient periods. 

It is interesting to check the values of a, in Table I by means 
of other methods. Let @ be the flux per pole at normal field 
excitation, as given by design data, and N; the number of turns per 
pole; the inductance of the field then is 


N,® 


T, 1071 abhenry, or more accurately, 
f 


N, & 
reatire 


(1 + % peakage of poles) (14) 


For the alternator under consideration, allowing 12 per cent 
. leakage, r;/x, was found to be 0.0038. Again by taking the ohmic 
resistance of the spools and measuring their reactance by the aec. 
voltmeter-ammeter method 7;/xa was found practically equal to 
the value just given. 

According to general theory which is fully borne out by the 
experiments described later, it is the attentuation factor involv- 


5. The first method is due to Dr. Berg, while the second method is 
due to the author. 
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ing the leakage reactance that enters the problem and it is clear 
from the above how ordinary methods of calculating a; = r;/x; 
fail utterly to give correct results. 

The damping factor of the stator was determined, in the same 
manner as ay, by taking oscillographic records of rise of direct 
current sent through the armature circuit under the following 
conditions: 

(a) Rise of direct current in the stator with the machine at 
rest and the field circuit open; in a few tests the field was slowly 


TABLE II 

Amperes of Manner in 

No.of | Method | d.c.sent | Connections of | Rotor of genera- | which gen. 
oscillo- | usedto | through field circuit tor during test | was con- aq 

gram get “a| armature was nected to 

. dc. 

41 x 53.4 short cir. stationary neutral 0.097 
40 ss 53.4 open J and term. | 0.070 
71 a 64.5 ehort cir. G A of gener.| 0.085 
65 S 75.0 open rot. by hand connect. to} 0.085 

slowly low volt- 
58 3 19.7 open 1031 r.p.m, age d-c. | 0.135 
59 < 20.0 vs L020". * supply 0.135 
60 s 20.0 £ 1020)" “Nappr: 0.150 
58 Z 19.7 Me 1031 r.p.m. 0.122 
60 s 20.0 & 1020 appr. 0.125 
67 ss 49 appr. “ 1150 appr. 0.125 
66 x 49 appr. ¢ 1140 r.p.m. 0.150 
182 2 40.0 short cir. 1200 appr. . 0.135 
183 A 40.0 ae es & 0.135 
184 « 40.0 oe ¢ CG 0.150 
53 xX 29.0 short cir. stationary termin. A | 0.070 
56 G 10.4 open 990 r.p.m, and B conn.| 0.093 
57 f 10.4 g 1150r.p.m. to low 0.085 
56 Z 10.4 & 990 r.p.m. voltage 0.070 
57 a 10.4 « 1150 r.p.m. d-c. 0.070 

62 A 12.5 a 1020 r.p.m. * 0.75 


*In this last test machine was delta connected and d-c. was circulated through the 
winding. 

Mean for “a from oscillograms 58, 59, 60, 66, 182, 184, is 0.141. 
rotated by hand and gave practically the same results, as one 
might expect. 

(b) Same as (a) except that the field was short-circuited at its 
terminals. ' 

(c) Rise of direct current in the stator with the machine run- 
ning at or near normal speed and field open. 

(d) Same as (c) except that the rotor circuit was dead 
short-circuited. 

The results of these experiments are given in Table II. Cal. 
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culations were made by means of the same type of equation as 
(13), namely, 


tac = Ia, (1 — €-%e Pe (15) 


where 7g, and Ig, represent the instantaneous and final values of 
the current, respectively. At this point it may be noted that 
although there is no change in the method except a reversal in 
the role of the primary and secondary, 7.e., armature and field, 
(15) is not as accurate as the corresponding equation (13) since 
the field resistance is not quite negligible. 

This method of calculating a, from the rise of direct current 
in the armature is referred to as method X (see Table II); how- 
ever, @_ was also calculated from the rise of the rotor voltage (due 
to rise of direct current in the armature) and this method is re- 
ferred to as method Y. 

The reason for the generation of voltage in the field is easily 
seen when it is remembered that the direct current in the stator 
will produce consecutive poles and the field spools cutting the 
flux will have e.m.f. induced in them. The expression for the 
current is given by (14) and the flux due to it can be assumed to 
be equal to 


p= ao, (i <- 76%) (16) 


The e.m.f. induced in the rotor will be due (a) to rotation 
chiefly and (b) to the change of flux, according to an exponential 
as given by (16). Therefore, the total e.mf., e;, is 


€t = rotation + @induction 


Kid sin (0 + 6) - BOC e-«a! 


= Kio, (1 — €7*") sin (0 + 6) + @, C e- 2a? (17) 
Neglecting the second terms as compared to the first, 
e. = K (1 — €- 22%) sin (6 + 4) (18) 


where K is a constant and 6 is the angle in electrical degrees 
between the axis of the armature phase belt and the field pole 
at the instant the switch is closed. 

This equation can be used directly to calculate a, in which case 
the phase angle, 6, would have to be obtained from the oscillo- 
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gram; or, it will be noted that when (@ + 6) equals 90 deg. or 
odd multiples of it, (18) reduces to 


é, = K (1 — €-%%) (19) 


Obviously, this is the equation of a smooth exponential curve 
drawn through the crests of the wave represented by (18) and 
it may be used to calculate a, (see Figs. 12 and 13). 

In tests, (c) and (d), with the machine running, there was a 
double-frequency alternating current superimposed on the direct 
current, as can be seen in Figs. 11 and 12. (Compare Fig. 13.) 

This is due to the inductor alternator action (the alternate 
large and small peaks may be due to the effect of remanent 
magnetism in the poles) and it will be seen easily in the light of 
what has already been said in reference to the rise of voltage in 
the field due to the rise of current in the stator which produces 
consecutive poles. 

The value of Qa, in the last two cases (c) and (d), can be ob- 
tained by an equation similar to (18) or (19), as it will be evident 
from following derivation: Assuming a sinusoidal change of 
reluctance, due to the rotation of the field, the e.m.f. induced in 
the stator will be® 


ESO (20) 


The factor 2 is introduced since for inductor alternator action, 
the passage of a single projecting pole constitutes a complete 
cycle. In (20) the flux, @, is due to therise of current in the stator 
and may be represented by 


o@ = ®, (1 — €~ 20%) 
Substituting this in (20) the stator e.m.f., e,, is found to be 
é, =' Ky, %,, (1 — €-e*) sin’? 0 (21) 


and consequently the current due to this e.m.f. plus the direct 
current in the stator gives the total current, 7,; 


it = (lac + K sin 2 8) (1 — €- 209) (22) 


where K isaconstant. This expression fits well the records given 


6. Equation (20) represents in reality the e.m.f. caused by rotation 
only; however, as shown in connection with the derivation of (18), the 
e.m.f, due to the change of flux is negligible. 
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in Figs. 12 and 13, but, of course, it does not take into account 
the alternate small crest values. 

Strictly speaking, the phase angle, 6, should be introduced into 
the above expression; this can easily be done, or preferably, the 
calculations for a, can be carried out in the manner indicated in 
the case of the similar equation (18). 

From the brief analysis of these phenomena which has been 
given it is clear that although the procedure adopted to calculate 
Q@_ is very similar to the one used to determine a@;, new disturb- 
ing factors, such as change of reluctance caused by the salient 
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i} 
0 27, 4a 6x 8x 107% 
ELECTRICAL TIME DEGREES IN RADIANS 
0.050 0.075 


25 
TIME IN SECONDS 
Fic. 2—CurvVES SHOWING aa AS FUNCTION OF TIME 


For lower curve, direct current supplied to armature through terminals A and B, with 


machine running at 990 rev. per min. and field open. 
Upper curve: direct current led into armature through terminal A and neutral; speed 


1020 rev. per min. and field open. 


pole structure, etc., have been introduced. Consequently the 
results in general were not as accurate as those given in Table 
I for a,;, at the same time, as it will be shown in sections IV and 
V, they are satisfactory for theoretical and practical purposes. 
Compare Figs. 1 and 2. 

The last point to be considered in determining a, is the manner 
in which the current is introduced into the stator. This is 
strikingly illustrated in case of oscillogram No. 62, Table I; 
in this case the stator was delta-connected and the current was 
introduced through one corner of the delta, so that the same cur- 
rent was flowing in all three phases. What actually happened 
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is clearly shown in Fig. 3; as indicated by means of the inner 
arrows the current in this case flowed in opposite directions, in 
each slot, and thus @ = fa/%*a increased from 0.135 to about 0.8 
or, the inductance decreased to practically nothing and the rise 
of current was very rapid, as recorded on the oscillogram. 

Fig. 3 also shows the cases when direct current is introduced into 
the armature through two terminals, A and B, of the Y, and 
through A and the neutral. In the former case there is one slot 
per pole which carries currents in opposite directions and if these 
were to neutralize each other completely the two cases would 


Fic. 3—DIAGRAMMATIC REPRESENTATION OF A THREE-PHASE, Four-. 
Poe, 3-Corr, 3-PircH WINDING, SHOWING DIRECTION IN WHICH CURRENT 
FLOWS UNDER THE FOLLOWING THREE CONDITIONS (SEE TABLE II): 


ik to direct-current source: represented by outer arrows. . 


; i to direct-current source: represented by middle arrows. 


ae to direct-current source: represented by inner arrows. 


be identical. _ However, as it can be seen from Table II, when 
current is supplied through A and B the damping factor, a, is 
smaller than when current is supplied through A and neutral; 
as it will be shown in section IV, it is the latter scheme that gives 
correct results. 

Thus in case of fractional pitch windings care should be exer- 
cised in determining the stator damping factor not to have cur- 
rents in any slot flowing in the opposite direction (see outer. 
arrows, Fig. 3.) Apparently, the currents neutralize each other 
in the slot, but only partly at the end connections, so that the 
inductance of the winding under ‘such conditions has no practical 
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significance. This conclusion was corroborated in case of other 
schemes of connection that were tried. Fortunately, however, 
this trouble does not exist in case of full pitch windings, as can 
easily be verified by a simple diagram like Fig. 3. 


III—Suppen SuHort-Circuit Tests. THREE-PHASE, SINGLE- 
+ PHASE. ETC. 


In the experimental investigation of sudden short circuits there 
are several important factors to be considered in order to obtain 
consistent results of any value. For example, the short-circuit- 
ing switch must close with a quick positive stroke, and, in case of 
three-phase short circuits all three phases must be closed simul- 
taneously, as much as possible. A plunger mercury cup switch 
would meet the above requirements; however, it has been found 
that a quick-acting automatic or electrically operated oil switch 
gives satisfactory results. 

The most important and most difficult matter to contend with, 
however, is the fact that the current depends on the point of the 
e.m.f. wave at which the short circuit occurs, as explained in 
section I. This makes it almost impossible to compare any 
two given conditions since it is by no means easy to duplicate the 
point of the e.m.f. wave at which the switch once closed. In one 
of the series of tests, on machine B, a number of records were 
taken at random, under different conditions. It was evident, 
however, that not only from the point of view of saving time and 
films, but also, for a successful investigation of the subject it is 
extremely desirable to be able to control, at least within limits, 
the point of the e.m.f. wave at which the switch shall close. 

After considerable work and trial the author designed the 
device shown in Fig. 4, which gave satisfactory results. 

In this device, one of two special brushes or contactors, bears 
on a cylindrical drum which is rigidly fastened on the shaft or on 
the coupling, on the alternator side, as shown in the figure. A 
slight projection on the revolving drum acts like a cam and causes 
the contacts to close once in every revolution. ‘The contacts 
are mounted on a semicircular guide which is rigidly bolted on 
the machine; thus by moving the brushes along the guide it is 
possible to have the brushes make contact at different points of 
the e.m.f. wave. It will be noted that all “live” parts are sta- 
tionary and that the projection on the drum can easily be re- 
newed in case of wear. This contactor as described here is not 
always dependable; but with careful design and the use of small 
platinum contacts it can be made very reliable. 
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The terminals of the contactor were connected to an instanta- 
neous ordinary relay which actuated the oilswitch. Withafew 
trials it was possible to adjust the distance between switches 
which were closed by means of a pendulum so as to allow for the 
time that it took the relay and the oil switch solenoid to operate. 
Over 100 short-circuit tests were made on machine A, mostly ° 
at normal voltage, under different conditions as given in Tables 
III—VII. In every case the alternator was Y-connected and 
was excited by means of a 3.5-kw. generator, connected directly 
across the field terminals; voltage was controlled by varying the 


Slight projection Semicircular Guide 
which closes for Movable 
Carbon Contacts ( Contact Holder 


Special Carbon Contacts f- 


‘earing of the Alternator 


Flexible 
Coupling 


Carbon Contacts 


Fic. 4 


field current of the exciter. A non-inductive resistance of about 
150 ohms was also placed in parallel with the exciter and the 
alternator field. For sake of clearness the different kind of short 
circuits are shown in Fig. 5 and for convenience these will be 
referred to as short circuit (a), (6) etc. 

In this connection it must be said that it is very desirable to 
distinguish between short circuits (0), (c) and (d) 

A glance at the tables will show that in case (b) the short 
circuit current for zero point on the e.m.f. wave, is about 10 to 
10.5 times full-load current, (Table IV) 7.e., it is slightly less than 
the maximum three-phase short-circuit current. However, as 
soon as the neutral is connected in, cases (c) and (d), (Tables V 
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TABLE III 
Maximum values of the Ratio for “f Effec- 
current for successive half from tive 
waves in Ratio | phase 
No. of | Kind | Time angle ———————_ |for “a! volts 
oscillo-| of short] 61 at which aver- | before 
gram | circuit switch first second all age | short 
closed first second |in percent of | Ist | rest of| value | circuit 
amperes normal curr. | cycle | cycles 
1 2 3 o 5 6 7 8 9 10 11 
70 330 appr.t | 183.4] 567.0} 240 743 | 1.20 | 1.06 2.4 | 208 
77 8 84.8 454.0) 320.0) 595 420 | 1.25 | 1.06 2.4 | 213 
78 S 0 nearlyt 595.0] 144.6] 780 190 | 1.23 | 1.06 2.5 | 194 
79 &  |49 438.0] 169.0] 574 | 222 | 1.10 2.8 | 176 
80 % 79.3 578.0} 392.0] 757 514 | 1.09 | 1.06 278 
81 co} 0 816* | 199.0] 1071 2614) D101 105 Dnt, ei 
82 2 |o 850.0| 208.2) 1114 | 273 | 1.17 | 1.06 | 2.8] « 
83 a 438.0] 511.0] 574 Gel. I L165 | 2706 17 « 
87 . 119 195.0) 244.0) 256 320) | 2.165 1.07 2.0 |) 138 
94 cS 0 729.0] 288.0] 955 | 378 | 1.06 3.0 | 278 
95 es O nearly 805.0] 243.0} 1055 Sele ae) ae Or 2.0 | 278 
96 e 0 very near.| 825.0} 215.0] 1080 282 | 1.19 | 1.07 3.0 | 278 
97 = 339 150.0] 776.0} 197 | 1018 | 1.20 | 1.07 2.5..| 278 
98 i 156 137.0] 740.0} 179 970 | 1.20 | 1.07 2.4 | 278 
99 i) 342 68.0] 796.0 89 | 1043 | 1.20 | 1.06 2.4 | 278 
100 < 360 near. 740.0] 180.0] 971 276 | 1.18 3.0 | 278 
101 2) 91.5 404.0] 424.0} 529 556° | 1.10 2.5 ; 278 
102 ¢ 0 806.0] 190.0] 1056 249 | 1.20 | 1.06 Dr 278 
103 =| Oy 805.0} 200.0] 1055 262 | 1.20 | 1.06 2.8 | 278 
104 2 oT 555.0] 129.0} 728 169 | 1.20 | 1.06 2.8 | 194.6 
106 Pe 344 130.0] 726.0] 170 952 | 1.20 | 1.06 2.9 | 278 
107 : 0 nearly 804.0] 202.0} 1052 265: 1226) | 1208 2.7 « 
108 ‘3 120 appr.t 62.0] 804.0 81 | 1052 | 1.23) 1.07 2.8 & 
109 a 297 248.0] 570.0} 325 747 | 1.19 | 1.08 0) s 
110 Re 46.4 374.0} 494.0] 490 Give | Welw | Le0F 2.0 & 
112 s OT 710.0} 243.0] 931 319 | 1.09 | 1.08 3.0 bs 
113 2 OT 667* | 250.0) 774 S27 elO9) | eLOd 2.8 “ 
114 Q 99 292.0) 537.0} 382 704 | 1.20 | 1.06 2.5 2 
BES. 4 124.5 219.0] 629.0} 287 823 | 1.19 | 1.08 2.5 £ 
116 & 354 6450) Col .5 G2 LOUD. | ptesler seer 2.9 s 
117 £ 141 115.5] 744.0} 151 974 | 1.23 | 1.08 2.8 « 
118 u 120 227.0] 598.0] 297 TO2e Leak S&S sels. O6 2.3 § 
120 115 appr 300.0] 564.0] 393 OSS le Cane OG 2.4 i 
121 0) 804.0] 177.0} 1051 232 | 1.20 2.6 be 
123 0 804.0} 212.0} 1051 27s 2O) el 05 2.8 ct 
124 O appr 646.0] 271.0} 847 B55: || de10))) L207 2.8 & 


Mean of column (8) is 1.176, and “f for first cycle : 0.0257 
Mean of column (9) is 1.06, and “f for rest of wave : 0.00926 
Mean of column (10) is 2.64, and a : 0.154 
*denotes that the peak of the current wave was off the film. 
tdenotes that the angle 6, was estimated from the current wave and not from the 
e.m.f, wave as is the case with all others. 
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and VI) the maximum current is over 14 to 15 times normal cur- 
Fen: 

Therefore, in speaking of single-phase short circuits it should 
be made clear exactly what kind of short circuit is referred to. 
The practically importance of this is evident, since in three-phase 
systems short circuits usually start either between terminals or 
between terminals and neutral or ground; this distinction is also 
important in connection with a-c. railway systems, in which, if 
we assume a Y-connected generator whose phases are used in 
succession, two in series, to supply single-phase current, accord- 
ing to the above, short circuit troubles will not be as severe as 
in a grounded ordinary three-phase system. 

In a series of extensive tests in 1911 at Chicago,’ which have 
been reported by Messrs. Schuchardt and Schweitzer the maxi- 
mum current of a 12,000-kv-a. turbo-alternator with 6 per cent 
external reactance was 14.5 times normal current in case of three 
phase short circuit; for a short circuit between terminals the maxi- 


ye BSC 
ay oy ay 


Fic. 5—DIFFERENT KINDS OF SHORT CIRCUITS 


mum current was 11.9times normal, with the voltage + 59 per cent 
of its maximum value; finally for a short circuit between ter- 
minal and neutral the maximum current was 14.5 times normal 
with the voltage —52 per cent of its maximum value. (These 
are given in Table III, test No. 45 and Table V, test No. 51). 
From these data it would seem that the maximum possible cur- 
rent at zero voltage with a short circuit between terminal and 
neutral will be much higher than 14.5 times normal and for a 
short circuit between phases it will be of the same order of magni- 
tude as for three phase. In other words, these Chicago tests 
confirm the results obtained by the author. However, there were 
too few of these tests made in comparison to three-phase tests, 
and as current transformers were used in taking oscillograms it 
seems best not to consider them absolutely conclusive, but with- 
hold judgment until more experimental data pertaining to differ- 
ent types of machines are available. 
7. Trans. A. I. E. E., Vol. XXX, 1911, part TH, p.1143. 


1915] DIAMANT: SHORT CIRCUITS 2257 


TABLE IV. 
Maximum armature cur- 
rents for successive half Ratio for “f Effec- 
waves from Ratio | tive 
Kind | Time angle | ~ for | phase 
No. of of 6, at which ao volt 
oscillo-] circuit switch first second |, all aver- | before 
grams closed first second |in per cent of Ist |rest of| age | short 
a in amperes normal cur- | cycle |cycles cir- 
rent cuit 
1 Pe 3 4 5 6 a 8 9 10 11 
126 Des 229 symme| 348.0] 338.0] 456 | 443 | 1.10 3.6 278 
127 3 0 773.0} 300.0} 1011 B9Se Lala ee sO5, 3.5 ie 
128 a Blo 790.0} 278.0) 1035 364 | 1.10 | 1.04 2.8 4 
130 a 512.0} 324.0} 672 425 1.06 4 
131 o @ | 0 nearly 712.0} 243.0} 932 318 } 1.14 | 1.06 3.0 * 
r32 ws | 270 198.0) 570.0} 259 746 1.06 oro 4 
134 5 Sull7/ 83.0! 774.0 PEP LOLD ea OG mee & 
is) ~ | O nearly 740.0] 258.0] 970 508 05 Past s 
137 0 798.0] 267.0] 1046 349 1.08 4.0 9 
Mean of column (8) is: 1.12 and @ for first cycle is: 0.018 
Mean of column (9) is: 1.0575, “f for rest of wave is: 0.00875 
Mean of column (10) is: 3.287 and “a for the armature is : 01.89. 
TABLE V. 
Maximum armature cur- Effec- 
rents for successive half Ratio for %f tive 
Kind | Time angle waves from phase 
of gat which | — Ratio | volt 
No. of | short switch for “a| before 
oscillo-} circuit closed first second first second 1st all aver- | short 
gram in amperes in per cent cycle jrest of{| age] Cir- 
} cycles cuit 
1 2 3 4 5 6 7 8 9 10 11 
138 9 =< ‘s 223 1005 645 | 1318 845 1. 06 278 
TUSK las 3 | O nearly 1072*| 525 | 1405 688 | 1.19 | 1.08 205 C 
140 ae S| 344.5 215 | 1078 61 | 1410 | 1.19 | 1.07 4.0 eo 
142 |g fy | 318 658 | 836 | 862 | 1095 | 1.19 | 1.08] 2.4 “ 
143 |.8 2 a 289 425 | 1000 557 .| 1309 | 1.10 | 1.09 2.4 i 
; B 3 


Mean of column (8) is: 1.19 and @f for first cycle is : 0.0276 
Mean of column (9) is: 1.076 and @f for rest of wave is: 0.0116 
Mean of column (10) is: 2.4 approximately, and a is: 0.139. 


*Denotes that the peak of the wave was off the film. 
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TABLE VI 
Maximum value armature |Ratio for *f Effec- 
currents for successive from tive 
half waves phase 
No. of | Kind | Time angle Ratio | volt 
oscillo-| of 6; at which first second 1st all for | before 
gram short |short circuit] first second |in percent of | cycle |rest off a | short 
circuit | occurred in amperes [full load cur- cycles cir- 
rent cuit 
1 2 3 4 5 6 ‘@ 8 9 10 ital 
162 0 536 703 | 1.04 | 1.04 5 278 
163 250 symme 855 710 | 1119 930 | 1.2 1.07 - 278 
164 <i |149 148 | 1132 194 | 1481 | 1.1 1.06 5 td 
166 og O nearly - 1152 552 | 1510 22 | 06s 91205 6 % 
167 & & |0 appr. 1048 572 | 1370 749 1.03 6 ie 
168 a 8 299 symm 874 692 | 1142 SOTa a2 1.04 - & 
169 2  |25 appr. 178 | 1097 23 | 1436 1.05 159 © 
170 e = |o 1168 525 | 1528 687 | 1.1 1.04 4 s, 
171 = = 1146 128 | 1115 167 | 1460 1.04 5 Ss 
172 3 g 80 symme 814 718 | 1063 941 | 1.15 | 1.05 = . 
173 & 2 |92 nearly 648 | 775 | 749 | 1015 |1.16]1.05] — : 
174 = Bs 332 88 | 1120 | 10 | 1465 | 1.1 | 1.04 6 :? 
175 8 % 112 445 926 582 | 1211 | 1.09 | 1.04 6 id 
176 a & (0 nearly 1136 553 | 1485 772 1.04 5 ¥ 
177 2 |0 1200 547 | 1571 716 | 1.07 | 1.05 4 a 
178 0 1180 546 | 1560 WAST 09s) OS 5 = 
179 259 symm 799 718 | 1046 940 | 1.15 | 1.05 - § 
Mean of Column (8) is: 1.12 and “f for first cycle is: 0.018 
Mean of column (9) is: 1.07 and “f for rest of wave is: 0.0109 
Mean of column (10) is: 5.1 and “a (average) is: 0.259. 
TABLE VII 
Maximum values of cur- 
rent for successive half 
No. of. | Kind of | Angle 61 at waves: 
oscillo- | short which === 
gram | circuit switch Remarks 
closed first second | first second 
in amperes | in percent of 
full load cur- 
rent 
1 2 5 4 5 6 uf 8 
146 @ 1296 535.0] 463.0] 700 | 607 Considerable mechan- 
147 23 {309 386.0} 520.0} 505 680 | ical troubles were experi- 
148 & a |0 nearly 10.73] 697.0 14 908 | enced at oil switch after 
149 8 ‘e 0 nearly 52.5] 574.0 69 751 | the third or fourth cycle; 
150 ga 240.0] 599.0} 314 | 785 | see for instance, Fig. 18. 
151 ss ©) 0 nearly 638.0} 355.0} 835 | 465 All taken at normal 
152 ns) 507.0] 461.0] 665 604 | voltage. 
x 


So far as it could be estimated “f and %a were the same as for the ordinary short cir-. 
cuit at the terminals of the Y winding without the neutral in. 
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In an article’ describing certain short-circuit tests it is reported 
that ‘‘ some machines have initial single-phase current rushes of 
about the same magnitude as the polyphase currents, some 
greater and some less ’’; this statement is of course too indefinite 
and of no value since no data regarding the tests or the machines 
are given. The single-phase alternator, however, under normal 
or abnormal conditions is more complicated than the three-phase 
and specific data regarding tests, machines, their type of wind- 
ing, etc., must be considered before many peculiarities can be 
explained; these, however, are not always given. 

Exploring Coils. As described in section VIII, the alternator 
was especially equipped for these tests with full and 2/3 pitch 
(stator) exploring coils at the top, middle and bottom of different 
slots; also a set of special slip rings was provided for a full pitch 
exploring coil placed on the face of the poles. 

The oscillograms given show that the voltages induced in 
these search coils under short circuit conditions are not of as 
simple a form as theory would indicate. Indeed one fact brought 
out was that the flux distribution in the armature, within about 
a cycle after the short circuit, takes the general shape which it 
has under normal short circuit. This is well indicated in Figs. 
14, 15, etc., and special oscillograms taken confirmed this ob- 
servation. Thus it would seem that a good way to study sudden 
short circuits is by studying normal short circuits in details. 
Although a great deal of work has been done on permanent short 
circuits it is believed that so far very little or no attention has 
been given to the question of flux distribution under such condi- 
tions. 

Leaving all details aside, however, the exploring coils on the 
stator and rotor show that the flux in the armature and air gap 
dies down more or less according to a simple exponential as 
provided for by theory. Although the complete theory of the 
flux distribution and of the voltages induced in the exploring 
coils has not yet been worked out, a number of calculations were 
made; for three-phase short circuits, case (a) Fig. 5, the stator 
exploring coils give an attentuation factor 0.007 to 0.014, which 
is a rather wide variation, but a little study of the oscillograms 
will show the search coil voltages to be unsymmetrical and to 
have other peculiarities which are not easily explained; therefore 
as a whole the above values can be considered satisfactory in that 
they show that the flux in the armature decays according to an 


in aa iN ON a Ras 
8. Gen. Elec. Rev. August 1914. See also Electric Jour. April 1914. 


2260 DIAMANT: SHORT CIRCUITS [Sept. 17 


exponential which seems to depend on the position of the search 
coil. Compare Figs. 14 and 15. 

The rotor search coil gave a much higher attentuation factor, 
it being of the order 0.1 to 0.18, which can again be considered 
satisfactory in that it indicates that the provision made in Bouch- 
erot’s theory that the flux in the field and armature dies down at 
different rates is not incorrect. However, no great importance 
can be given to the above values of damping factors. Indeed, 
for single-phase short circuits the same rotor exploring coil gave 
a damping coefficient of the order of 0.008, and in general, as can 
be seen by inspection of the oscillograms, the rate of decay of 
the rotor exploring coil was high for short circuit (a) and (e) but 
considerably lower for the other cases. ‘There are other interest- 
ing, rather complicated and apparently inconsistent features in 
connection with the stator and rotor exploring coils which no 
doubt with further study will throw considerable light on the 
mechanism of short circuits. . 


IV—Metuops oF CALCULATION 


In order to test the value of the methods developed for the de- 
termination of ay and a, (section II) calculations were made from 
actual short-circuit current waves. The obvious method would 
seem to be to use equations (5) and (11) directly, and by measur- 
ing 0, 0, etc., and knowing the normal short circuit current, to 
calculate a, first and then a,, without determining x,. However 
considerable experience with this method has shown that it is 
unsatisfactory and it may be affected considerably by the re- 
tardation of the machine. 

The following methods have therefore been developed by the 
author and have been found to give consistent results they have 
also the important advantage that they reduce the calculation 
of a long four-term expression to that of a single exponential. 

(1)—The equation for the armature current under the assump- 
tion of 


B = Bi, 1s: 
le = — (A + B) ~*~ sin (0; — B) + A €-4 =") sin (8B) 
+ B sin (6 — B). (23) 


For sin (0 — B) = +1, this reduces to 
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[= (A + B) e~2a6-% sin (0, — B) + A em a7 O-%) +4 Bl (24) 


and 
[ —(A + B) e-2a 4% gin (0; — B) —A €-% @-% — BY (25) 


A little consideration shows that (24) and (25) are the equations 
of the curves ab and cd drawn through the crests of the current 
wave. (Fig. 6). 

Moreover, the ordinate oc at an angle 0, will be given by equa- 
tion 


A e~% (m-%) + B+ (A + B) €~4al'n—%) (26) 
while ‘ 
A €~27 (m—%) + B—(A — B) €~ 2a On—%) (27) 


Fic. 6—ARMATURE CURRENT WAVE 


will represent o fin absolute value. Adding these two expressions 
fc is obtained and is given by: 


eG On (Aree; nh) SEO) (28) 
Similarly, 
of a he Aven ari Warten a) 46eB) (29) 
ass consequently, 


(CT hae ee 
aa (30) 
B, which is the normal short-circuit current, can be neglected 

during the first few cycles when fc and f’’c’’ are large, or it can 
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be easily determined and subtracted as indicated in (30) and 
a; calculated. 
Subtracting equation (27) from (26), there is obtained 


oc — of Fei (A + B) e-2a Gn - %) =etea@*) (81) 
oc Saga ae (Ae B) €—2a%(n lee as 


from which a, can be calculated. 

Although the above derivation has been based on Berg’s equa- 
tion, Boucherot’s equations also lead to exactly similar results, 
and it was by means of these methods that a; and a, in Tables 
III to VII were calculated. 

Since our knowledge of the subject is not complete at present 
it was deemed best to include any consistent peculiarities which 
were observed; thus the ratio fc/f’’c’’=e+2 77 for the first 
cycle, which was found to be consistently higher than for the 
subsequent cycles, has been recorded in column (8) of the tables. 

This seems to be a reasonable discrepancy since, during the 
first cycle with the sudden rush of current, probably ry is larger 
due to eddy current losses, etc., and x; may be smaller due to 
greater leakage and saturation; both these factors would tend to 
make a; greater during the first cycle than the subsequent cycles. 
However, it is known that r; and x; are not constant but are only 
assumed as such, and what is desired is to known of the existence 
of such peculiarities and determine some average value which 
will give satisfactory results as a whole. 

In column (9) of Tables III to VII the ratio, €2¢/ *, as ob- 
tained from the rest of the wave, i.e., excluding the first cycle, is 
given,and in column (10) the average ratio for €2e* will be 
found. This latter ratio was not as consistent and uniform as the 
ratio for the field damping factor. 

Referring back to the development of the method for calculat- 
ing, it is seen that inherently expression (31) will not give as 
accurate results as (30), since in the former the ratio of differences 
such as (oc — of) and o’’c'’ — o'’ f’’) is involved; moreover it is 
clear that as the current wave tends to become symmetrical 
the method fails since (oc — of) approaches zero (see Fig. 6). 
Taking these factors into consideration the ratios for a, in column 
(10) are fairly satisfactory. However, in order to check these, 
another method was developed as follows: 

Consider current waves which correspond to the zero point of 
the e.m.f. wave, 1.e., oscillograms for which 6, = 0, or strictly 
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(8B —.0;) = 90 deg.; this is the most advantageous condition for 
determining the stator damping factor, since as 0; approaches 
90 deg. the current wave tends to become symmetrical and the 
term containing a, disappears entirely. 

The expression for the current in this case is 


ig = (A + B) e479 —(B+ A €-229) cos 6 (32) 


However, a; is in general small compared to Qa, the latter being 
10 to 20 times a; (about 15 times for machine A) so that e~%; ? 
can be assumed equal to unity for the first few cycles without 
appreciable error. Thus for practical purposes (32) becomes 


tq (A =) By esters 5) (33) 


and for the next two cycles we have, 


Vg 


(A +B) (1 —e-2«0") and (34) 


CARB) -(L-++e=8"7) (35) 


1a 


respectively. 
It is easy now to verify that (see Fig. 6). 


equation (33) _ pantera oe (36) 
equation (33)—equation (34) oc—o'f 
equation (33) re ee Pa oc (37) 
equation (35)—equation (34) oC =o" F 


Careful study of the above method discloses the fact that ow- 
ing to the assumptions made (36) will give too small values and 
(37) too large values for a4, but if the mean of the two be taken, 
about the right value should be obtained. This was exactly 
what calculations from 11 films showed; although the results of 
(36) and (37) were much more consistent and uniform than those 
obtained by method (1), the former were too small and the latter 
too large, the average being 0.13. 


V—DETERMINATION OF ARMATURE REACTANCE 


1. According to expression (5), section II, (A +.B) is equal to the 
maximum phase voltage before short circuit divided by the arma- 
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ture impedance, with good approximation. Having determiried 
Qa, (A + B) can be obtained by means of equation (33) and thus 
the armature impedance calculated. 

The mean value of (A + B) was found to be 458 amperes for 
the three-phase short circuits and therefore the stator impedance 
or reactance per phase is 


278V2 
24 = anae 0.857 ohm per phase. 


2. Taking advantage of the fact that the machine was equip- 
ped with exploring coils, the stator impedance was determined by 
means of the following proportion: 


armature phase voltage on open circuit a 
search coil voltage on same open circuit 


arm. phase volts at normal short circuit and same excitation 
search coil voltage under same conditions 


This method applied on two phases gave an average value of 
Za = 0.781 ohm per phase. 


3. Another method® used to determine the armature imped- 
ance consisted in short-circuiting one phase of the alternator and 
taking readings of armature current in the short-circuited phase 
and of voltage across the other two phases. The voltage read- 
ings should theoretically be equal and they were found to be 
fairly so, although in certain cases a variation of 5 per cent and 
even 10 per cent was noted. 

Each phase of the alternator was short-circuited in succession 
and readings were taken for several field current strengths. The 
average value obtained in this case by dividing the open phase 
voltage by the current of the short-circuited phase was 


Za = 0.783 ohm 


4. Finally the armature reactance was calculated by means of 


9. This method is described by F. T. Wall in the Electrician, (London) 
Feb. 28, 1913. It may be noted that it is applicable to Y-connected 
machines 
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ordinary reactance formulas (see for example A. Gray’s ‘Design 
of Elec. Machines,” p. 223) and the value obtained was 


Xq 0.81 ohm 


Using the ohmic resistance of the armature winding and the 
average of the values given for xa, the stator damping factor per 
phase comes out about 0.136, which agrees well with the yalues 
found from current wave calculations; this, however, need not 
be the case always. 


VI—EFFECT ON SUPPLY 


In the tests described, the alternator was driven by a 50-kw. 
d-c. motor. Power was supplied from a 100-ky-a. engine-driven 
a-c. generator which, through three 20-kv-a., 2300/240-volt 
transformers, fed an induction motor directly coupled to a 35-kw., 
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Fic. 7—Recorp or Grapaic Watt-Hour METER on 100-Kv-A. 


ALTERNATOR WHICH SUPPLIED POWER FOR SHORT-CiRCUIT TESTS 
Momentary inciease of load due to sudden single-phase and three-phase short circuits 
is about 18 kw. That due to permanent short circuit is about 6 kw. 


d-c. generator; the latter furnished power to the experimental 
set. 

No special tests were made to determine the effect of short 
circuits on the driving motor, but the records of the graphic 
watt-hour meter on the 100-kv-a. alternator seem to be of suff- 
cient interest to be included herein. As seen from Fig. 7 the 
alternator was carrying a load of about 30 kw. when the short 
circuits at the other end were thrown on; at each short circuit 
test there is a momentary rush of nearly 20 kw. for three- and 
single-phase short circuits. The momentary rush due to per- 
manent short circuits seems to be about one-third of the value 
given above. 

It may be noted that any difference that may exist between 
single- and three-phase short circuits could not be determined 
with this scheme. 

The above are mainly of interest in connection with the Chi- 
cago tests, mentioned before, which seemed to show that the pres- 
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ence or absence of steam in the turbine had no effect on the re- 
tardation and short-circuit current of the alternator. 

The above experiments were made at the Rice Institute, and 
it is with great pleasure that the writer wishes to acknowledge 
his indebtedness to President E. O. Lovett for the encourage- 
ment and moral support received during the progress of the work. 
The writer is also very glad to take this opportunity and acknowl- 
edge his indebtedness to Dr. E. J. Berg, for not only what he has 
received directly, while working under him but also for his in- 
direct influence and suggestions. Great thanks are also due to 
Mr. W. J. Foster for the interest he has taken and to Mr. H. K. 
Humphrey for valuable assistance and cooperation in installing 
machines, etc. 


VII—Criticat RESUME AND SOME CONCLUSIONS 


It seems fair to conclude from the above that although the 
phenomenon of sudden short circuits of alternators is exceedingly 
complicated it is possible to reduce it to rational theory and cal- 
culate it with a fair amount of accuracy. 

In case of three-phase short circuits the average values, 
0.15 for the armature damping factor, a, (Table III, see also 
section IV), 0.0093 for the field damping factor, a;, (Table III)., 
0.86 for the armature impedance or reactance per phase, (sec- 
tion V), obtained directly from short-circuit oscillograms by 
means of methods developed in sections IV and V, compare very 
favorably with the average values of 0.141 for the arm, damping 
factor, a, (Table II, section II), 0.0095 for the rotor damping 
factor, a;, (Table I, section IT). 0.78 for the armature reactance 
(section V), obtained by other methods without short-circuiting 
and subjecting the machine to dangerous tests. 

The comparative values of aq, 0.15 and 0.14, agree even closer 
if the value of 0.13 found in section IV under heading 2, is taken 
into consideration; however, the latter value is probably a little 
too low and in any case the agreement is satisfactory. 

What may be called the initial values of a; and Qa, obtained 
from the first cycle of actual oscillograms, are higher (see Table 
III, etc.) than the average values. This, however, is as we might 
have expected since during the first sudden rush of current, no 
doubt, the eddy current loss is higher and the leakage reactance 
somewhat lower than for subsequent cycles, and both these 
effects would tend to increase the attenuation coefficients. 
This is also observed to a certain extent in the rise of direct cur- 


* 
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rent in the field and armature. But on account of lack of more 
specific data on damping factors obtained directly from oscillo- 
graphic records it seems best, at present, to use the average values 
which, as seen before, will give satisfactory results and have the 
advantage of being on the safe side—will indicate less damping 
than may actually be the case. 

The reason for these discrepancies and troubles is the presence 
of iron in the circuit, but it seems impossible to take account of 
the change of permeability and saturation in the equations. In 
time, corrections may be introduced to take account of these 
factors, but not until we find out more about the subject in gen- 
eral. 

The case of single-phase short circuits, between two terminals 
or terminal and neutral, presents considerable difficulties and 
peculiarities which cannot well be accounted for theoretically. 
The latter seems to give much higher current rushes than a short 
circuit between two terminals. It would be unscientific from 
the comparatively few data on one machine to draw general 
conclusions or attempt to revise the theory to fit the facts. In 
this connection it must said that although the same method of 
calculation outlined in the beginning of section IV, for three- 
phase, has been applied to single-phase short circuits (see Tables 
IV, V and VJ), this involves considerable approximation as 
indicated by Boucherot’s equation, which, being rather involved, 
was not included. 

It is outside the scope of this paper to take up in detail any 
practical applications of the above; however, without unduly 
lengthening the paper it seems very desirable to consider the 
following important points: ' 

“The maximum rush of current’? as obtained from an oscil- 
logram is a rather indefinite term unless the corresponding value 
of the phase voltage wave is given, and in referring to short- 
circuit currents one should not lose sight of this fact. In regard 
to the “ maximum possible current ” that an alternator will give 
in case of sudden short circuit, which is the important quantity 
referred to in specifications, etc., it may be defined as the current 
which a machine will give when suddenly short circuited (at its 
terminals or through a certain reactance) near the zero point of 
the e.m.f. wave and when the first current half wave lies entirely 
on one side of the axis. Theoretically this will occur very near 
the zero point of the e.m.f. wave and by taking records of both 
emf. and current a good check is obtained. This maximum 


2268 DIAMANT: SHORT CIRCUITS [Sept. 17 


possible value should be expressed in per cent of the maximum 
(not effective) rated full-load current of the machine. Further- 
more, in case it does not correspond to the normal voltage this 
should also be given in per cent of normal (no-load or full-load) 
voltage; thus referring to Table III, it can be said that, according 
to oscillogram No. 82, the maximum possible current is 1114 per 
cent or 11.14 times normal full-load current and according to No. 
81 it is 1071 per cent or 10.71; but for oscillogram No. 104 it is 
728 per cent of 7.28 times rated full-load current at 70 per cent 
voltage, so that approximately it is 728/0.70 = 1040 per cent 
at normal voltage. 

~ In commercial tests, if such are made, the alternator should be 
short-circuited with as near normal excitation as possible, and, 
then the current may be taken as proportional to the voltage. 
However, even if tests are made at full field excitation it will not 
happen very often that in a few oscillograms taken at random the 
switch will close at the point of the e.m.f. wave giving the maxi- 
mum possible current. In such cases a, and ay can be calcu- 
lated by means of the methods described in section IV, and 0, 
the angle at which the switch closed measured on the oscillo- 
gram; by substituting in (5) (A + B) can be determined and the 


maximum possible current will then be 


(A + B) (e-% *™ + €-“c*) or, (38) 


Imp 


ir) (ieee ae (39) 


This method, however, is tedious and apt to prove unsatis- 
factory, as it involves the determination of 0;. A better method 
consists in taking the sum of the first two crest values of the 
current wave, whose absolute values will be given by the 
following expressions: . 


Ist half wave = (A+B) €~%a °-% cos 6,+(A €- %7 ©- 4) +B) (40) 


2nd half wave = — (A + B) e> 4% ©+7- 4%) cos 014+ (Ae 4p (O+7—-4) 
+B) : sages 

Consequently the sum of these two will be approximately 
2(A + B) since the field damping factor is generally quite small, 
compared to the stator damping factor, a., and further, the fact 
that the first term of (40) is larger than the first term of (41) as 
compared to the second terms of the same expressions, will 
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considerably offset the approximation we have made. However, 
it is easy and preferable to determine a; and make corrections by 
neglecting 6; and assuming the sum of the first two peaks to be 


2 (Aven) 27) 3) 


instead of 2 (A+ B); having thus determined (A + B), the maxi- 
mum possible current, ?mp, 1S 


Aba B) (lis eke nae) (39) 


It is obvious that the sum of the maximum ordinates of the 
first two half waves is only a trifle larger than (39), which is very 
nearly the true value of inp. Thus Mr. F. D. Newbury” has pro- 
posed the empirical rule that imp for practical purposes may be 
taken as equal to 0.9 of the above sum. This is a fair approxi- 
mation but it is empirical, at its best, and a universal constant 
like 0.9 is not apt to give correct results in all cases. Therefore, 
the rational method proposed herein, or another very good empir- 
ical method, which, however, will be shown to be rational, pro- 
posed by Mr. A. B. Field" and as modified by the author, is to be 
much preferred to Mr. Newbury’s method. 

Field’s method is as follows: Referring to Fig. 6, draw on any 
given oscillogram the smooth curves ab and cd through the crests 
of the current wave and measure their intercept on the Y axis 
for the instant of short circuit by extending them back; this 
intercept multiplied by the ratio of c’ f’ to ¢f will give the maxi- 
mum possible current.. 

As shown in section IV, the ratio proposed is simply €?;" 
and therefore it is well to simplify the method by taking the sum 
of the first two peaks, which will be equal to (40) plus (41) and 
multiply this by (c’f’/cf) =¢~“ * which will probably give slightly 
large result. If this same sum be multiplied by 

ico gael te) (Co 4 Of ay 6 Sa 

the result will be altogether too small, and if no correction be 
applied, as indicated before, but it is multiplied by 
1 mee lie 1 + €-%0* 

(Get oer i 2 


the result will be slightly small. 


10. Elec. Jour. April 1914, p.196. 
11. Trans. A. I. E. E., Vol. XXXI, part II, p.1648. 
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The maximum possible current can also be determined without 
subjecting the machine to any short-circuit tests by determining 
the stator impedance first by means of such a method as given in 
section V. Then 


maximum phase volts before sh. circuit 
armature impedance (reactance) per phase 


(1 + €-“a 7) 


Ump = 


where the damping factor a, can be determined by the method 
given in section II. 

So far as it can be judged from the experiments given herein 
this method will give just as reliable results as short-circuiting the 
alternator at random and then determining from records the 
maximum possible current, unless the switch happens to close 
at the zero point of the emf. wave. Further, in actual short- 
circuit tests, unless external reactance coils are used it is not, as 
a rule, advisable to subject the alternator to a short circuit at 
normal excitation and in the absence of a better rule it is neces- 
sary to make the assumption that the current will be proportional 
tothee.mf. So that actual short-circuit tests do not always solve 
the question of what is the maximum possible current in’ any given 
case: there will usually be considerable gap between the two which 
has to be filled with assumptions, therefore the method given 
seems preferable. 

Finally, there is one point that it is desired to bring out be- 
cause it is believed that it has not been considered or given suffi- 
cient attention before; that is the beneficial effect of resistance 
in helping to damp out and reduce the short-circuit current of a 
generator. 

Of course, reactance coils constitute the economically and 
theoretically correct solution of the problem of reducing short- 
circuit currents; this, however, need not necessarily involve the 
. complete elimination of iron from such coils, since there are ad- 
vantages and disadvantages in either case. Thus the question 
arises whether the introduction of iron into reactance coils 
might possibly, in certain cases, at least, offer enough advantages 
to offset its disadvantages. The most important advantages being 
the practical elimination of stray magnetic fields and the re- 
duction of short-circuit current by [2R losses and also eddy cur- 
rent and hysteresis losses which would automatically increase 
under short-circuit conditions. 
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To illustrate this point, consider a 12,000-kv-a., 9000-volt 25- 
cycle turbo-alternator having the following characteristics: 
resistance 0.04 per cent, reactance 6 per cent. The maximum 
possible short circuit current will then be 30 times full load nor- 
mal current if no external reactance coil be used, and 17.1 if 5 
per cent external reactance be inserted; if now 3 per cent re- 
actance and 1.2 per cent resistance be introduced the maximum 
current will be 17.3 times normal current or the same as if 5 per 
cent reactance had been used. Which of the two schemes is the 
more practical and economical one is a question too important 
to be considered here. As mentioned before, it is only desired 
to call attention to the beneficial effect of combining a small 
amount of resistance with reactance and the possibility of ob- 
taining considerable automatic increase in the amount of the 
former under short-circuit conditions. 

In conclusion, the writer is well aware of the incompleteness of 
the paper, in that many important questions in connection with 
the subject of sudden short circuits have not been even touched 
upon. However, some of these are being investigated, and 
must be reported later, since it is not possible in a single paper to 
cover the several different phases of such a broad and complex 
subject adequately. 


VIII—DEscrRIPTION OF APPARATUS AND LisT OF SYMBOLS 


Machine A: 45-kv-a, 480-volt (278 across phase), 1200-rev. 
per min., 60-cycle, three-phase alternator with squirrel cage 
winding, and equipped with exploring coils as follows: 

Coil No. 1 full pitch on top of the slot. 

Y 2/3 “ “ “ “ “ “ 
3 full at middle of the slot. 
“ “ 4 Die “ “ “ “ “ “ 
5 full pitch at bottom of the slot. 

“ “ 6 2/3 “ “ “ “ “ “ 

Full pitch rotor exploring coil on the face of the pole frame. 
Winding: ordinary 2/3 pitch, half coil lap winding. 

Exciter: 3.5-kw., 110-volt, compound-wound generator con- 
nected right across alternator field terminals and in parallel with 
a non-inductive resistance of 150 ohms and in some cases 300 
ohms. 

Shunts: three 50-millivolt 100-ampere non-inductive shunts 
were inserted in the terminals A, B and C of generator in order . 
to take armature current oscillograms. 


2272 DIAMANT: SHORT CIRCUITS — [Sept. 17 


D-C. Generator: Low-voltage generator to calibrate oscillo- 
graph vibrators and supply d-c. to the stator for experiments 
of section II. This was rated at 3 kw. and 500 amperes. 

“Machine B: 387.5-kw., 240-volt (139 across phase), 1200-rev. 
per min., 60-cycle, three-phase alternator having ordinary full 
pitch lap winding.: 

A = E,/z, nearly; see also equation (4) 
Bi Kofta =) [ae ’normeleee permanent short-circuit 
current, 

(A+B) = E/z, = maximum short-circuit current that would be 
obtained for a symmetrical wave assuming effect 
of a; to be negligible. 

- = (£, + E,) = maximum value of phase voltage before 
short circuit. : 
~, = transient part of E corresponding to (6, — &,,,), 
(section I.) 
E, = permanent part of E corresponding to Pysn, (Section I), 
?q = transient armature current. 
I,, = d-c. used to calibrate oscillograph vibrators, 
Ig, = final value of direct current in the stator (section Tis 
tac = instantaneous value of J. 
I; = field current of alternator. Also final value of 1y. 
1f= instantaneous value of current in the experiments on 
rise of field current (section Be 
?pm= maximum possible short-circuit current. (For details 
see section VII). 
tpsh = permanent short-circuit current. 
Ya = resistance of armature (per phase). 
%a = reactance of armature (per phase). 
rs = total resistance of the field spools or of the field struc- 
ture. 

total self-inductance reactance of field or total leakage. 

reactance. For details regarding ra, Xa, r; and xy 
(see section I.). | 
%a = armature impedance (see section I and section V). 
a = armature damping factor (sections I, II and IV). 
a; = field damping factor (sections I, II and IV). 
phase angle between armature phase belt and field 
pole at instant switch is closed for rise of current in 
armature or field. 

6 = electrical time degrees = 2 7 ft, 
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Oscillogram No. 28—Table I. First wave: 60-cycle timing wave; second: (straight 
line) voltage across alternator field terminals—it is seen to remain constant during rise 


of Lf; third: rise of field current bounded at bottom by its zero line and on top it is asymp- 
totic to its permanent value, i 
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Oscillogram No. 30—Table I. First wave: rise of armature current; second: rise of 
voltage in search coil No. 2; (both these due to rise of field current—not recorded); third: 
reference 60-cycle timing wave. 
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Oscillogram No. 31—Table I. First wave: reference 60-cycle timing wave; second: 
rise of voltage in search coil No. 2; third: rise of field current, tf; second straight line 
gives permanent value of 7f = yf, 
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Oscillogran No. 57—Table II. First: 60-cycle timing wave; second: rise of voltage 
across the alternator field terminals, also its permanent value; third: rise of direct cur- 
rent, iqg¢, in the armature, also its permanent value, Igo. 
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Fig. 12 
Oscillogram No. 56—Table II. First: 60-cycle timing wave; second: rise of voltage 
across the field terminals of alternator; third: rise of direct current, iqc, in the armature. 


At the left the permanent values of the last two waves are recorded with a slower film 
speed. 
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First: voltage across alternator terminals—its zero 
the bottom (it is seen to remain constant during the 


timing wave; third: rise of direct current, 7,in the 
armature, bounded by its zero line at bottom and asymptotic to its permanent value I. 


Oscillogram .No. 53—Table II. 
line is the second straight line from 
tise of %;)second: reference 60-cycle 
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Fic. 14 
Oscillogram No. 101---Table III. Three-phase short circuit. First wave: voltage 
across one phase; second: current in same phase; third: voltage in search coil No. 1. 
Third straight line is calibration current, J¢l, 293 amperes. 


[DIAMANT] 


EiG. 15 


Oscillogram No. 100-—Table III. Three-phase short circuit. First wave: armature 
voltage; second: armature current; third: voltage of search coil No. 6. Second straight 
line is calibration current, Jcl, 301 amperes. Compare third wave with one given in 
Fig. 14. 
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Fic. 16 
Oscillogram No. 98—Table III. Three-phase short circuit. First wave: voltage in- 
duced in search coil No. 4; second: armature current; third: phase voltage. Second 
straight line is calibration current, Jcl = 298 amperes. 
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Fic. 17 
Oscillogram No. 87—Table III. Three-phase short circuit. First wave: armature 


current; second: voltage of exploring coil No. 5; third: voltage across one phase. First ' 
straight line is calibration current, I¢l = 195 amperes. 


[DIAMANT] 

Fic. 18 
Oscillogram No. 151—Table VII. Three-phase short circuit (neutral in). First wave: 
armature voltage; second: voltage of exploring coil No. 1; third: armature current; note 
this wave, which shows mechanical troubles at the switch, which, however, do not seem 
to affect the flux distribution. Straightline at bottom: calibration current = 299 amperes. 
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Oscillogram No. 99—Table III. Three-phase short circuit. First wave: voltage 
of search coil No. 5; second: armature current in terminal A; third: voltage across term- 
inal A and neutral; second straight line is calibration current I¢l = 300 amperes. 
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Fic. 20 
Oscillogram No. 117—Table III. Three-phase short circuit. First wave: rotor ex- 
ploring coil voltage: second: armature current; third: phase voltage. First straight 
line, calibration current, Icl = 305 amperes. [DIAMANT] 
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Oscillogram No. 110—Table III. Three-phase short circuit. First wave: e.m.f. 
across terminal A and neutral; second: armature current in terminal A; third: voltage 
of rotor exploring coil—note rapid rate of decay and that it is practically zero before switch 
closes but not near permanent short circuit. Straight line on top is calibration current, 
Icl = 305 amperes. [DIAMANT ] 
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Oscillogram No. 108—Table III. Three-phase short circuit. Lower wave: rotor 
search coil voltage; second: armature current wave. Third straight line is calibration 
current. This shows clearly how the rotor search coil voltage is unsymmetrical with 
respect to its zero line; also it shows the frequency to be six times the machine periodicity, 
probably corresponding to the six phase belts per pair of poles. 'DIAMANT] 
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Oscillogram No. 134—Table IV. Single-phase short circuit. First wave: voltage of 
rotor exploring coil; second: armature current; third: voltage across one terminal and 
neutral. First straight line, calibration current, Jc] = 307. Note slow decay of first 
wave. $ 
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Oscillogram No. 139—Table V. Single-phase short circuit, neutral in. First wave: 
rotor search coil voltage; second: armature current; third: armature voltage. First 
straight line is calibration current = 300 amperes. 
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Fic. 25 
Oscillogram No. 173—Table VI. Short circuit on one phase only. First wave: volt- 
age of the phase; second: voltage wave of search coil No. 5; third: armature current. 
Second straight line is calibration current, I¢] = 320 amperes, 
of stator exploring coil voltage and very slow decay. 
phase short circuit. 


Note change in wave shape 
Compare, for example, with three- 
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Oscillogram No. 175—Table VI. Short circuit on one phase. First wave: armature 
voltage; second: armature current: third: field current. Second straight line, calibra- 
tion current, Ic], 322 amperes. 
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Oscillogram No. 172—Table VI. Short circuit on one phase. First wave: armature 
voltage; second: voltage of exploring coil No. 1; third: armature current. Second straight 
line i3 calibration current, J¢l, 319 amperes. 
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circuit. First wave: rotor exploring coil voltage; 


sistent work. 


Fic. 29 


Oscillogram No. 79—Table III. Three-phase short 


second: armature current; third: phase voltage. 
Second straight line is calibration current, Jc] = 199 
amperes. First wave shows clearly the great trouble 
experienced with ordinary brush contact on account 
of very small voltages induced in rotor exploring 
coil; these were eliminated after considerable per- 


Oscillogram No. 145—Permanent short-circuit 
currents at normal field excitation. Resistance in the 
vibrator circuit of the oscillograph same for all waves. 
First wave: stator short-circuited at terminals A, B 
and neutral; second: at terminals A and B; third: at 
terminals A, Band C. In bottom two waves stator 


short-circuited at A,B,C and neutral; their amplitude 


Fic. 29 [DIAMANT] issameasthatofthethird. Calibration currents are 
275 and 278 amperes. 
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D> 
a 
I] 


time degrees at which short-circuiting switch closes 
as referred to the phase voltage wave. 
@, = flux in the armature under normal conditions. 
Ppsn =, flux in the armature under permanent short circuit 
(section I). 
ga = flux in phase A of a two-phase alt. at instant of short 
circuit (section 1). 
¢, = flux in phase B of a two-phase alt. at instant of short 
circuit (section I). 
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DiscussIoN ON ‘“‘ CALCULATION OF SUDDEN SHORT-CIRCUIT 
PHENOMENA OF ALTERNATORS,” (DIAMANT), SAN FRAN- 
cisco;CAL;, SEPT..17, 1915, 


F. D. Newbury: It is really surprising, as the author points 
out, how little thorough work has been done by American 
engineers on this subject. While Boucherot’s paper was 
presented in 1911, in 1912 and even in 1913 the practise of 
engineers in this country was decidedly loose; for example, 
there was no distinction made between the maximum possible 
short-circuit current or the value of short-circuit current in 
the special case of a symmetrical wave. Inmy own experience, 
it was an open question in 1912, whether the important. value 
was the maximum possible short-circuit current, occurring 
when the alternator was short-circuited at the zero point of 
the voltage wave, or whether the symmetrical wave was the 
one to consider in practical problems. 

This leads to a reference made by the author to an article 
published by myself in April, 1914. It is elevating that article 
above its intended position to bring it before the Institute, 
because it was prepared to clear up some of these very ele- 
mentary points in regard to short-circuit currents, and par- 
ticularly to point out the difference in the actual short-circuit 
current value due to the time at which the alternator is short- 
circuited. At that time I was trying to point out a difference 
of 50 per cent between current values rather than a difference 
of less than 5 per cent that we are now concerned with. 

In this connection I wish to correct an impression that may 
arise from this paper. I am in no way responsible for the 
empirical formula referred to in this paper. That was used 
in the organization with which I was connected at the time 
the article was written; I had no intention of presenting it as 
original, and as far as I know it was proposed either Dyas 
B. Field, or by his assistant, J. A. Kuyser. 

The author suggests that it is desirable to calculate the 
maximum possible short-circuit current from certain constants 
rather than by making short-circuit tests at full voltage. I 
think that is rather a dangerous doctrine. Certainly it is im- 
practicable until engineers generally are convinced of the 
sufficiency of the method of calculation. 

Until we are sure of this, the time is not ripe to abandon 
actual tests under operating conditions. Such tests are pos- 
sible and are being made on even the largest two-pole and 
four-pole turbine alternators. Generators should be designed 
to withstand short circuits in service, and the only way to prove 
that they will withstand such severe service is to test them 
beforeinstallation. Incidentally, such tests are very apt to bring 
about improvements in coil bracing. 

I agree with the author that the Institute should take up 
this question of the proper definition of instantaneous short- 
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circuit current. It is a proper matterfor the consideration 
of the Standards Committee. It is only necessary to add to 
the words: “short-circuit current,’ “the maximum possible”’ 
short-circuit current; or, as the author suggests, it may be 
defined by stating that point on the voltage wave at which 
the short circuit occurs. However, I think the less technical 
definition given previously is preferable. 

C. J. Fechheimer: The author has devoted considerable 
space to derivation of methods for predicting the rate of decay 
of current after a short circuit has occurred. We _ believe 
‘that it is well-nigh impossible to estimate with a reasonable 
degree of accuracy the constants which will affect the rate 
of dying down. Especially will this be true in those machines 
in connection with which instantaneous short-circuit phe- 
nomena are of greatest importance; namely, with large turbo- 
alternators of small number of poles; this being due chiefly to 
the difficulty of predicting the effect of eddy currents induced 
in the solid rotor, although the importance of other factors 
which make such calculation extremely difficult is not to be 
ignored. After all, we doubt whether an accurate estimate 
of the rate of decay of current is of such great importance. 
The destructive forces come as a result of the current rush- 
at the first instant, and if our apparatus is properly protected 
to withstand these forces, the length of time that the forces 
endure, being always of short duration, is of minor importance. 
When a knowledge of this time is desired, it is generally suf- 
ficiently accurate to approximate the rate of decay from oscillo- 
grams taken on machines of somewhat similar magnetic circuit. 

In order to predict the rush of current at the first instant, 
the two most important factors are—the point of e.m.f. wave, 
at which a short circuit occurs, and the reactance of the circuit. 
In so far as the point of wave is concerned, we should always 
be safe if we estimate the current rush as a maximum that 
which ‘is obtainable on unsymmetrical short circuit. This 
may be taken to be roughly that given previously by Mr. 
Newbury as 1.8 times e.m.f. divided by reactance. We note 
that the author objects to the value of (2 X 0.9 =) 1.8, but 
we are inclined to favor.so simple and reasonably accurate a 
rule. From a number of short-circuit tests on different ma- 
chines, an approximate method for estimating the reactance 
is obtainable. As stated by the author and we wish to cor- 
roborate, the reactance of a three-phase star-connected alter- 
nator is substantially the same between terminals when a single- 
phase short circuit occurs as when all three phases are short- 
circuited. This, then, eliminates ‘some of the difficulties in 
estimating reactance which might arise from effects of mutual 
inductance. In working back from tests, to determine the 
value of reactance we would favor the method proposed by 
Mr. Field, and referred to by the author. 

It is highly desirable to make alternators so as to withstand 
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instantaneous short circuit. Especially in large turbo-alter- 
nators, is it important so to proportion them as to reduce to 
a minimum the magnitude of the current rush. This can be 
accomplished by the use of deep slots in the stator, thus allow- 
ing for considerable space between the top of the coil and 
top of the slot, thereby increasing the leakage flux linkages; 
and by using a large number of conductors in the stator; in 
other words, by designing the stator for large armature reac- 
tion. In order to prevent distortion of the end windings of 
the stator, they must be substantially braced. One method 
for securing the stator windings is shown in the accompanying 
photographs, Figs. 1 and 2. In the oscillograms Figs. 3 and 4 
are shown three-phase short-circuit tests on a. 15,000-kv-a., 
11,000-volt turbo-alternator at full voltage. This machine 
had but two poles, and was built for 25-cycle operation. This 
short-circuit test was made with no external reactance in series. 

It is interesting to note that in sustained short circuit, the 
field m.m.f. tends to produce a flux distribution which is 
substantially different from the opposing distribution, due 
to-armature reaction. The resultant of these two m.m.fs. 
necessarily produces the flux that induces the e.m.f. which 
causes the current to flow. The emf. in the individual 
conductor is quite different from a sine wave, but the 
current which flows has most of the harmonics suppressed. 
This is due to the two facts that, first, some of the har- 
monics are cancelled in the e.m.f. wave because of chording 
the windings, and because of distribution of the winding; 
and, second, because the high frequency of the harmonics 
prevents the flow of large current. In other words, the current 
and e.m.f. wave forms in the individual conductor are quite 
different. This condition must have some influence upon the 
magnitude of current on sustained short circuit. That is, the 
reactance which we would estimate from sustained short-circuit 
tests is to some extent fictitious. This in general does not apply 
on instantaneous short circuit. 

It is interesting to note that when a short-circuit test is 
made on a large turbo-generator of the radial slot type of rotor, 
fire seems to encircle the rotor coil retaining rings for a brief 
period of time. After shut-down, no traces of the effects of 
this fire can be found. In all probability it is due to e.m.fs. 
which are induced by the rapid change of flux, such voltages. 
tending to circulate current through the retaining rings, and 
the skin effect of the retaining rings tends to prevent the cur- 
rent from circulating. 

We are inclined to question the advisability of inserting 
resistance to reduce the rush of current as recommended. 
A large amount of resistance would be needed, in order that 
its influence be felt, since the current is so far out of phase 
with the voltage. Furthermore, a useless waste would be 
occasioned by the employment of such resistance, and, dif- 
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ficulty would be experienced in dissipating the heat incident 
to the losses arising therefrom. 

We also question the advisability of the use of iron in the 
reactance coils (as suggested in the paper) if such are used in series 
with the generator. This iron fails at the critical time; namely, 
when the rush of current is the greatest, owing to the fact that 
the iron saturates. If so large an amount of iron be used as 
to avoid the saturation thereof, it would in general introduce 
a rather large reactive drop under normal conditions, and would 
increase the losses in the circuit. Furthermore, it is doubtful 
whether any material saving would be effected. 

N.S. Diamant: In section VII, I have discussed in some 
detail the meaning of maximum possible current that an alter- 
nator will give when suddenly short circuited and I have in- 
dicated what seemed a good definition in the light of our present 
knowledge of the subject. I am very glad that Mr. Newbury 
went further, as I had hoped that someone would, and proposed 
that the Institute take up this matter and standardize the 
exact meaning of the terms maximum and maximum possible 
current than an alternator will give. I trust that the Stand- 
ards Committee will not only consider this question but also 
the standardization of the term ‘‘sudden short circuits’? in 
contradistinction to the “ordinary”? or ‘permanent short cir- 
cuits” which may be called simply “short circuits.” 

I need not discuss here the advisability and necessity of the 
above standardizations and even the change of such super- 
ficial terms as “constants of an alternator” or “time constant”’, 
(Sey 

Mr. Newbury states that I seem to advocate or prefer the 
calculation of short-circuit current to actual tests. I may 
have failed to make myself clear on this point and therefore 
I take this occasion to say that I advocate not only actual 
tests but also calculation by means of the methods given and 
thus check results. Only, as I have indicated under section 
VII, actual tests do not always solve the question.of what is 
the maximum possible current in any given case so that certain 
amount of assumptions and calculations will be necessary in 
most cases and I believe that careful calculations should be 
made in such cases. 

I think it would be bad and dangerous engineering practise 
to generalize from the comparatively few experiments given 
and assume that the methods of calculation described will 
- give reliable results when applied to any and all types of al- 
ternators. I hope that the importance of the subject will in- 
duce many to test out the reliability and accuracy of these 
methods and when enough data are collected and the methods 
of calculation perfected and adapted to different types of 
machines then certainly calculations will be preferable to 
actual tests and will even be simplified into some such form 
as expression (39) takes: 
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e.m.f. 


Imp = —— 
ag impedance 


This is similar to Mr. Newbury’s suggestion, and the constant 
k which involves e-%2? and e-*f? may have a value of 1.75 
or 1.8 or 1.85, etc., according to the type of machine. 

Mr. Fechheimer’s written contribution to the discussion was 
interesting but I do not think I was able to follow and under- 
stand all the points which he tried to bring out or criticize. 
At the outset he states that it is impossible to determine the 
attenuation factors as I have attempted to do. I take this to 
be a hyperbole to indicate the complicated nature of the sub- 
ject. As I have briefly explained at the end of section I the 
different quantities involved in sudden short-circuit phenomena 
are very complex. So far, I am entirely in agreement with 
Mr. Fechheimer and this point should not be lost sight of in 
either reading the paper or expecting a reasonable accuracy 
in applying the different methods. 

It seems to me that Mr. Fechheimer has failed to interpret 
correctly many parts of the paper and I think in reading it 
over carefully he will find explicit answers to his questions 
and criticisms. 

Thus I am surprised to find that he has deemed it necessary 
to call attention to the inadvisability of reducing sudden short- 
circuit currents by means of resistance. I state clearly that 
reactance coils constitute the “economically and theoretically 
correct solution’’ of this problem. If Mr. Fechheimer examines 
the current equations he will see what I mean by the above 
statement. 

As I have emphasized in the ‘paper, I did not intend to con- 
sider the design of reactors but to show the beneficial effects 
of combining a small amount of resistance with reactance. 
Obviously in designing current limiting reactors, compromises 
have to be made some of which will depend on the special 
case under consideration and I simply desired to suggest that 
among many advantages and disadvantages that have to be 
considered the effects of resistance also should well be included. 
I regret that I did not have time to make any extended cal- 
culations and thus be able to make more definite statement 
in regard to this point; however, this would take me too far 
afield and it does not come within the scope of the paper. 

Finally, I am glad that Mr. Fechheimer’s experience con- 
firms the results of my experiments that short circuits a 
and e, Fig. 5, give practically the same rush of current. In 
this connection it is very desirable to have the experience of 
others as to the difference between single-phase short circuits 
with the neutral in and out as shown in Fig. 5, b, c and d. 
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RATES AND RATE MAKING 


BY PAUL M. LINCOLN 


ABSTRACT OF PAPER 

The necessity of recognizing load factor in rate schedules is 
emphasized. To obtain load factor necessitates the measure- 
ment of maximum demand; a new maximum demand meter 
is described which depends upon heat and heat storage. The 
theory of such meters is discussed. A new method of measur- 
ing power factor and volt-amperes is disclosed and a method of 
recognizing power factor in the rate for electric service is 
discussed. 


HE BURDEN of the reasoning set forth in the following 
pages lies in the proposition that a logical rate for electric 
service requires information concerning the character of that 
service other than simply the kilowatt-hours of consumption. 
For instance, simply the kilowatt-hours of consumption give no 
indication whatever of load factor and it is pretty generally 
conceded that load factor must be recognized in some manner in 
order to arrive at a just and equitable rate for electric service. 
In view of the fact that in the case of some 95 to perhaps 99 
per cent of all users of central station electric service, the kilo- 
watt-hours of consumption is the only item of information secured 
for billing purposes, this might be interpreted as a sweeping con- 
demnation of existing rate schedules for such service. However, 
this general conclusion is not warranted, because long experience 
and study have taught the central station to infer correctly many 
things concerning the character of the loads taken by the various 
users of electric service that may not be apparent to the casual 
observer. Let us consider, for instance, the character of the 
service demanded by the normal private residence, which use, 
by the way, forms by far the largest number of consumers sup- 
plied by the central station. Lighting constitutes the bulk of 
the service to these private residences and the hours during which 
lighting is necessary, as well as the variation in the amount of 
energy required during lighting hours, have been determined by 
observation to avery close degree of approximation. Hence, 
2279 
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when the central station supplies electric service to a private 
residence, it is justified in establishing a rate for that service 
which is based upon a reasonably accurate knowledge of the 
average load factor that will obtain therein. 

Fixing a rate for electric service that is based on simply the 
kilowatt-hours of consumption is closely analogous to the prob- 
lem of fixing the rental of a house or an office based on simply 
the “man-hours of occupancy,” if we may be allowed to coin 
such an expression. A perfectly just and logical basis for the 
amount of rent to be paid can be arrived at if we know the 
“man-hours of occupancy,’”’ provided we also have reasonably 
accurate information concerning the habits of the occupants. 
So also, a perfectly just and logical basis for the rates for elec- 
tric service can be arrived at from the kilowatt-hours of consump- 
tion alone, provided we know the load factor (habits) of the load 
taken. However, if the occupants of our house or office begin to 
spend a larger part of each day indoors, it is evident that our 
former basis of rental becomes illogical. So also with the rest- 
dential user of electric service; if he should begin to use his ser- 
vice for more hours per day, the rate that was established formerly 
would no longer remain logical. In other words, load factor 
must be taken into account if we would have a just and logical 
rate. 

In this connection we should not forget the evolution that is 
beginning to take place among the private residence consumers 
of electric service. Formerly the only use made of electric ser- 
vice was simply for lighting, but of late years the uses to which it 
is being applied are becoming legion. The flat iron, the toaster 
stove and other heating and cooking devices, the vacuum cleaner, 
the electric fan, the power refrigerator, etc., etc., have already 
given somewhat of a change to the character of the residential 
load, and this tendency will unquestionably continue in the 
same direction until a very material modification has taken place 
in this class of load. It may not be amiss here to suggest that a 
rate for such service based simply on the kilowatt-hours of con- 
sumption, and established during the period when lighting was 
practically the only use made of this service, will not remain 
logical and just under these new and rapidly approaching condi- 
tions. The need, therefore, of some additional information con- 
cerning the customer’s load, to the end of making a rate for elec- 
tric service that shall automatically take account of this pending 
change in conditions, is only too apparent. 
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However, justice and logic are not the only criteria by which 
to judgearate. The question of the cost of obtaining the informa- 
tion upon which the rate is based is one of the utmost importance. 
Even under present conditions, the cost of securing and handling 
the information necessary for billing purposes constitutes a very 
considerable part of the total cost of rendering electric service 
to residential consumers. Therefore, any plan that causes a 
very material increase in this cost, even though it makes for a 
more logical and more just rate, cannot be tolerated. 

When we come to consider other than residential consumers, 
the question of cost of securing information for billing purposes 
is not so pressing. Very few of our modern rates for this class 
of service fail to take account of factors other than simply the 
kilowatt-hours of consumption—factors which in some manner 
recognize load factor. The most usual method is to make the 
rate depend upon the ‘‘ demand ’’ as well as the kilowatt-hours 
of consumption. By ‘‘demand” is meant the maximum load 
taken by the customer during some short specified interval of 
time. It has long been recognized that ‘‘ demand ”’ should enter 
the rate for electric service. 

More than 30 years ago, or, to be more specific, in the year 
1883, Dr. John Hopkinson first suggested the use of ‘‘ maximum 
demand ”’ as an item of first importance in the schedules of rates 
for such service. In his presidential address before the Junior 
Engineering Society (British) on November 4th, 1892, on the 
“Cost of Electric Supply,” he elaborated his ideas on this sub- 
ject. So clearly did he show therein that the maximum demand, 
_in addition to the number of ‘‘ units’ (kilowatt-hours) used, is 
absolutely essential in arriving at the cost of supplying electric 
energy, that ever since, any method of fixing rates that involved 
the use of maximum demand has been known in general as the 
‘‘ Hopkinson method.” 

Since Hopkinson’s first suggestion, there has been much dis- 
cussion of this question of rates. Papers almost without number 
have been written on this subject of rates and every phase of the 
matter has received critical attention. For the past five years 
the National Electric Light Association (U. S.) has issued a 
weekly bulletin entitled “‘ Rate Research,” and devoted to noth- 
ing else but a discussion of rates and closely allied subjects. 
Without exception, all authorities have recognized the correct- 
ness of Hopkinson’s main contention, viz., that any logical rate 
for electric service must, in some manner, recognize maximum 
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demand as well as the total kilowatt-hours of energy used, 
thereby taking load factor into account. 

When we come to consider the question of how this maximum 
demand of a customer for rate-making purposes shall be obtained, 
we are at once faced with the fact that in general zt is not obtained. 
When I say it is not obtained, I mean it ina relative sense. The 
electrical industry of the U. S. and Canada now absorb watt-hour 
meters at the rate of about one million per year. The use of 
maximum demand indicators of all types and descriptions prob- 
ably does not exceed more than a fraction of one per cent of this 
number.and therefore in only this small fraction of the customers 
for electric energy is any direct attempt made to apply the Hop- 
kinson method of charge. The watt-hour meter has admittedly 
reached a stage of development that leaves but little to be desired. 
The modern watt-hour meter is accurate, cheap and relatively 
easy to maintain. However, it gives only one of the items of 
information that enters into a logical system of rates and makes 
no attempt to furnish any other. 

In order to render to a customer a logical bill for electric ser- 
vice, there is required more information than is given by a watt- 
hour meter. There is no better evidence of this than the fact 
that rates based on kilowatt-hours alone are becoming more and 
more rare. The modern rate-maker has long since recognized 
the fact that the information given bythe simple watt-hour meter 
is not sufficient to enable him to render a logical bill and by some 
makeshift he has endeavored to take the maximum demand into 
account without directly measuring it except, as pointed out 
above, in a very small proportion of the whole number of cus- 
tomers. Probably the most frequent makeshift is to base the 
rate upon the total capacity of the customer’s equipment—the 
connected load—in conjunction with the kilowatt-hours. In 
general, this method is defective because it does not take into 
account differences in the extent to which different customers 
use their equipment, and further, it often acts as a deterrent to 
the increase of electrical equipment on the part of a customer, 
particularly when such equipment will be infrequently used, 
because the bill becomes a function of the amount of equipment 
rather than the extent to which that equipment is used. It is 
obviously the use of the electrical equipment, and not its mere 
possession, that should incur an obligation on the part of the 
customer to pay for electric service. But there are other make- 
shifts; sometimes the customer’s own statement as to the amount 
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of his demand is taken and sometimes one or more direct observa- 
tions of the demand are made at the time of day or week when 
customer is presumably taking his maximum, and the rate based 
on this information. When we come to lighting rates, we find 
many kinds of makeshifts. Some rates are based on the number 
of rooms illuminated; the character of the rooms illuminated 
is often taken into account. Another central station prefers to 
consider the area illuminated and still another takes the cubic 
contents of the space illuminated as an element in computing 
the rate. Still another will use as a basis the number of outlets. 
I am perfectly willing to admit that the use of almost any of these 
makeshifts results in a more just rate than the use of kilowatt- 
hours alone, but after all, they are only makeshifts and their use 
is made necessary because one of the main elements that should 
enter any logical system of rates—maximum demand—is un- 
known, so that it is impossible to recognize load factor. 
Unquestionably there are other items beside the kilowatt- 
hours and the maximum demand that should be considered in 
arriving -at the ideal rate schedule. Alex. Dow, president of 
the Detroit Edison Co.,who has made a close study of rate making 
for many years, suggests three main items (Elec. World, Jan. 2nd, . 
1915, page 17) that must be considered in arriving at the cost 
of supplying a given class of customers, viz., “ costs varying 
with the number of customers served, costs varying with demand, 
and costs varying with the use of energy—that is to say, with 
the kilowatt-hours sold.” The first of these items amounts to a 
service charge and needs no metering devices; the second re- 
quires the use of a maximum demand meter and the third, of a 
kilowatt-hour meter. Another item that is of prime importance 
(and not directly mentioned by Mr. Dow) is the time of the ocur- 
rence of the maximum demand. If the time of a customer’s maxi- 
mum demand coincides with the maximum demand on the plant, 
then customer should manifestly pay more for his power than 
one whose demand occurs when the output of the plant is a 
minimum. Classification goes far toward meeting this point, 
since the time of the maximum demand of a given class of custo- 
mers can be predetermined with a reasonable degree of accuracy. 
Classification, however, may be viewed as another makeshift 
in rate-making and if sufficient information is obtained as to the 
customer’s load, classification becomes unnecessary. When 
we come to consider the expense involved in obtaining all neces- 
sary information for rendering a logical bill, it may easily follow 
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that proper classification is the preferable horn of the dilemma. 

If the fundamental basis of a rate is logical, there is no reason 
why the same form of rate should not be used in New York City 
as in San Francisco, in Podunk Corners as in Chicago, for power, 
light, heat or any other service that electricity can be applied to. 
But before this can take place, we must have a schedule of rates 
that takes cognizance of all the variables that enter the value of 
electric service. Maximum demand is certainly one of these 
variables, and until we have some cheap and reliable method of 
determining such maximum demand, there can be no hope of a 
universal rate schedule. 

It is rather surprising that so insistent a need for so long a 
time has not brought a better answer. While it is perfectly 
true that, with by far the large majority of users, there is no 
attempt to ascertain the maximum demand, this is not true of the 
largest and most important users. Progress has been made in 
the art of measuring maximum demand and some very 
ingenious devices have been proposed and used; however, this 
progress has not begun to approach the point where the measure- 
ment of maximum demand is universal. Probably the first 
device that sought to fill the need first pointed out by Hopkinson 
was that of Arthur Wright, of Brighton, England. The Wright 
demand indicator was patented in 1893 and first placed exten- 
sively on the market about 1896 or 1897. 

The Wright demand meter is described in a later paragraph 
in this paper. This instrument was used to a very considerable 
extent during the first years of its existence, but in late years 
it has fallen much out of vogue. The reasons that it has not 
been more generally used are several. In the first place, it 
recognizes current only, and consequently voltage must be as- 
sumed constant. In the second place, even assuming constant 
voltage, it gives the kilovolt-amperes and not the kilowatts of 
maximum demand. In the third place, it will not indicate a 
consumption below about 20 per cent of its full scale. In the 
fourth place, if used to measure polyphase loads with unbalanced 
phases, or two-wire loads with unbalanced sides, its indications 
are highly inaccurate. In the fifth place, the instrument con- 
tains glass bulbs and tubes, and hence is not best suited to with- 
stand the severe service and rough handling that such instru- 
ments are apt to get. In the sixth place, the time-characteristics 
are not very satisfactory; most of the indication is acquired in 
the first few minutes of load, but there is a creeping effect that 
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lasts for an undue time. This will be referred to again in a later 
paragraph. It might have overcome all of these shortcomings 
if, in the seventh place, it has not been generally unreliable for 
reasons that will be pointed out later. Other indicators of the 
same general type of Wright’s have been recently announced, 
but not enough experience has yet been obtained with them to 
determine their sufficiency. 

In addition to Wright’s indicator, other maximum demand 
meters have been brought out that depend upon determining the 
number of revolutions made by a standard watt-hour meter with- 
in some short fixed interval of time and recording the total 
revolutions of the particular period of time which has a maximum. 
These instruments have, in general, given highly satisfactory 
results in all respects except cost. The first and upkeep cost of 
these meters is so high that they can be used only for the larger 
customers. 

In still another type, the time of response of an indicating 
wattmeter of the usual induction type is delayed and regulated 
by an associated integrating wattmeter. This type gives greater 
promise than anything heretofore suggested. The standard 
graphic wattmeter has also been used to give information as to 
maximum demand and is ideal for this purpose, but the question 
of cost here is even still more serious. 

For the reasons set forth in the foregoing, I have felt for many 
years that the crux of the rate problem lay in the method of meas- 
urement and inthe items of information that were obtained. I 
have long believed that we would never have a complete solu- 
tion until rates were based on the actual measured load factor 
and, therefore, there could be no complete solution until we had 
some cheap and accurate method of measuring maximum de- 
mand. 

The remainder of this paper will be devoted to the description 
of certain devices that I would propose for the purpose of meas- 
uring maximum demand. - 

The meter which I am about to describe is accurate, and at the 
same time cheap; it has a perfectly uniform scale from zero to 
its full reading; it will measure kilowatts or kilovolt-amperes, or 
both these quantities by two separate pointers at the same time 
and on the same scale if desired, thereby taking power factor 
into account; it can be readily manufactured to give the demand 
that occurs during any period of time varying from one minute 
to one hour (or beyond these limits if necessary); and lastly, it 
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may be used on polyphase or single-phase circuits— balanced or 
unbalanced—with an equal degree of accuracy. 

My device depends upon heat and heat storage, and there- 
fore, there may be some question as to just what is the character 
of the ‘‘ demand ”’ that is thus obtained. It may therefore be 
well first to analyze briefly the character of the average that will 
be indicated by any heating and heat storage device. 

If we apply heat at a given rate to any mass of matter, the 
temperature of that matter will begin to rise and will continue 
to rise until the rate at which heat escapes is just equal to the 
rate at which it is applied, that is, until a state of equilibrium 
is established. It can be mathematically demonstrated (see 
Appendix 1) that if heat be applied to,a body at a constant rate 
and if the rate of escape of heat from the heated body is propor- 
tional to its temperature rise above its initial temperature, the 
relation between time and temperature elevation above initial 
is in a logarithmic or exponential curve. For instance, if one- 
half the final temperature of equilibrium is acquired in a given 
period of time, one-half of the remainder will be acquired in the 
next following equal interval of time, one-half the then remainder 
in the next interval, etc., etc. The heat content is, of course, meas- 
ured by the temperature rise of the mass above its initial tempera- 
ture. If, therefore, we could have amass of matter maintained 
in an environment of constant temperature, and could constantly 
impart heat to that mass at a rate that is always proportional 
to the watts’ flowing into the circuit we wish to measure, the 
temperature rise of that mass at any instant will not be due to 
the watts passing at that instant, as is the case with the indica- 
tions of an indicating wattmeter of the usual type, but will be 
the resultant of all the wattage flow that has passed, each instant 
of past flow having a value influenced in respect to its time prox- 
imity by a logarithmic law. This resultant is not an average in 
the commonly accepted sense of that word. When we use the 
word “‘ average ’’ in its commonly accepted sense, we assume that 
each instant of time over which the average is taken has equal 
weight. In the resultant that is obtained by a heat-storage 
meter, each instant of time has not an equal weight, but the in- 
fluence of each instant decreases with its remoteness in point of 
time, and the degree by which the watts during any instant 
influences the total indication is proportional to e-*, where e is 
the base of Napierian logarithms, k is an adjustable constant, 
and ¢is the time measured backward from the instant of observa- 
tion. For want of another name, let us call the resultant thus 
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obtained by means of thermal storage the “ logarithmic average.” 
Such a “logarithmic average”? has some unique advantages 
over the commonly accepted form of average when used for 
maximum demand purposes, which will be further discussed 
later. 

There is a hydraulic analogy that may be of some assistance 
in seeing the action of this thermal storage meter. Suppose 
we wish to measure the average rate of flow of a given stream or 
other supply of water. A Pitot tube placed in a pipe carrying 
the water would measure at each instant the amount of water 
flowing. This is analogous to measuring the watts of a circuit 
with a wattmeter of the usual instantaneously responding type. 
Suppose now that the flow of water is very intermittent and we 
are not interested in the instantaneous flow of water, but simply 
wish to know the average amount of the water that has passed 
in say any ten-minute period. This could be accomplished by 
causing the stream to flow into a barrel or tank of sufficient capac- 
ity to hold the maximum flow of water during any ten minutes 
and providing it with a hole in the bottom of such size that a 
given and known percentage of its contents at the beginning of the 
ten-minute period will run out—provided, of course, that no new 
water is added during the period. The height of the water in 
the tank would then always be a measure of the ‘ logarithmic 
average ”’ flow of water during the previous ten minutes. Our 
analogy would be more perfect if the rate of escape of water from 
a tank were always proportional to the amount of water in the 
tank. This is not strictly true in our water tank analogy, since 
the law connecting head and velocity through an orifice is not 
a straight line law. Still, the analogy is sufficiently close to 
convey an idea of the operation of such a thermal storage meter. 

The equation that represents the relation between the time 
and temperature (see Appendix 1), after beginning to apply 
heat to a mass of matter and as described in the foregoing, has 
the general form 


0 = a (1 2 e—*t) 


where 0 = the temperature elevation above the initial temper- 
ature at any time. 
T,; = the temperature elevation attained at equilibrium, 
or the final temperature elevation. 
e = the base of Napierian logarithms. 
k = an adjustable constant. 
and ¢ = the time elapsing after heat application begins. 
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Fig. 1 shows a graph of this curve. The heavy vertical lines 
are drawn across the curve at equal time intervals, such that the 
temperature elevation increases by one-half the remainder for 
each time interval. This particular period of time—that re- 
quired for the mass to change its temperature by one-half the 
remaining amount— is the condition by which this curve was 


PERCENT OF TEMPERATURE 


=I a $s 
TIME 


BiG. 1 


described in a preceding paragraph. It should be noted that no 
matter what is the final temperature, the shape of the curve 
among which the mass approaches this final temperature has 
these same characteristics. 

It is admittedly impracticable to maintain a mass of matter in 
an environment of constant temperature or continually to impart 
heat to it at a rate proportional to the wattage of a circuit. 


Source als 


Fic. 2 


Although this result is impractical of attainment, it is not only 
practical, but relatively easy to obtain an exactly equivalent 
result. Fhis may be accomplished by using two masses of matter 
which have their relative heat-impartation rate proportional to 
the wattage of the circuit to be measured and determining the 
temperature difference of these two masses. This may be ac- 
complished in a wattmeter as follows: Referring to Fig. 2, let 
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a and 6 be two equal resistances. These two resistances are 
connected in series across the secondary of a small transformer, 
the primary of which is connected across the main circuit. The 
current of the circuit to be measured is also led through these 
same resistances in the manner indicated in the diagram, passing 
fromthe middle point of the secondary winding in parallel through 
the two halves of the transformer secondary and the two re- 
sistances to the junction point between the two resistances. 
If we assume the instantaneous direction of the current to be 
indicated by the small arrows, marked J, the direction of the 
voltage at the same instant (assuming 100 per cent power 
factor) will be indicated by the small arrows, marked E. Evena 
casual inspection will show that the relative directions of the 
currents in resistances a and b will be different. Let us represent 
by J; the current in these resistance due to the passage of the 
line current J, and by 7, the current through the resistances due 
to the existence of the voltage #. In resistance a the resultant 
current will be the sum of J, and J;, while in resistance b, the 
resultant will be their difference. In resistance a the heat im- 
parted will be proportional to (7, + J;)?, while in } it will be 
(I. — J;)?. The difference between these two quantities is 
obviously proportional to the product I, J;, or proportional to 
watts. It may be shown that this device constitutes a true 
thermal wattmeter and that its indications are always propor- 
tional to watts whether the circuit be direct-current or alternating 
current and if alternating current the device is still a true watt- 
meter independent of power factor and wave form. (See Ap- 
pendix 2). 

Such a wattmeter also has a uniform scale. The reason for 
this is indicated in Fig. 3. The curve A represents the heating 
that takes place in one resistance, wherein the heating is propor- 
tional to (I. + J;)?; the curve B represents the heating that takes 
place in the other resistance, wherein the heating is proportional 
to (I, — I;)?. Curve C shows the difference between curves A 
and B, and obviously consists of a straight line passing through 
zero when the current J; is zero. 

This thermal wattmeter is not new; in fact it is quite old. 
A British patent was issued to Mr. M. B. Field (No. 15168/97) 
in 1897 covering such a thermal wattmeter. A German patent 
to R. Bauch (No. 111,721) also covers a somewhat similar device. 
However, this idea of superimposing current and voltage 
effects has not heretofore been used in conjunction with thermal 
storage to obtain an effective maximum demand meter. 
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If we embed the two resistances a and b in two similar masses 
of matter and arrange to measure the difference in temperature 
between these two masses, we will have a slow-responding meter 
that gives the “ logarithmic average” of the energy that has 
passed during a given period prior to observation. The length 
of this period can be fixed by means that will be shown later. 
Since the indications of the device rest on differential tempera- 
ture, it is evident that it is entirely independent of the temperature 
of the environment, since that will affect both masses equally. 
It is also evident that such a device may be made to respond 
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correctly to a polyphase circuit by using two or more pairs of 
equal resistances, one pair on each phase. 

The type of wattmeter shown by Field or Bauch, or for that 
matter, any other type of wattmeter, can be used to indicate the 
maximum instantaneous demand, but they cannot be used to 
show the demand that exists over the periods of time demanded 
by modern commercial conditions. Maximum instantaneous 
demand is far too variable and uncertain a quantity to be used 
as a basis of rate making. 

All rate-makers recognize that the demand must last for an 
appreciable period of time before it is proper to use it as a basis 
for rate-making. The actual period of time used varies over 
wide limits, varying not only with the ideas of the rate-maker 
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but also with the character of the service. One minute is the 
minimum time that I have ever heard proposed and one hour is 
about the maximum. Many other periods have been suggested, 
concentrating mostly on five minutes, fifteen minutes and thirty 
minutes. The meter I am herein proposing is particularly 
advantageous since it permits of being designed to give the 
average consumption over any desired length of time, as will be 
pointed out later in this paper. 

How shall we measure this differential temperature? One 
method is to use one or more pairs of thermocouples, one joint 
of each pair being embedded in one mass and the other in the 
other. A thermocouple determines the difference in temperature 
between its two junctions and therefore seems ideal for this pur- 
pose. Although this method is perfectly feasil le, and some work 
has been done upon it, other means seems preferable. 

The property of matter that causes it to expand with heat is 
one that may be readily used to accomplish the desired object. 
If we use expansion, what kind of matter shall be used? Other 
things being equal, it is only common sense to select that kind of 
matter that gives the most expansion for a given temperature 
change, since that will give us not only the maximum of accuracy, 
but the minimum of complication. Matter presents itself to us 
in three states—gas, liquid, and solid. In point of expansi- 
bility, these three states arrange themselves in the order given. 
A true gas at constant pressure varies its volume in proportion 
to its absolute temperature. At an atmospheric temperature 
of 20 deg. cent. for instance, and constant pressure, a variation 
of 1 deg. cent. will cause a change in volume of approximately 
0.34 per cent. 

Liquids vary largely in respect to expansion. As a rule, when 
a liquid approaches its boiling point, its coefficient of expansion 
increases rather rapidly. Liquids with a high-temperature boil- 
ing point have a fairly uniform expansion coefficient at ordinary 
atmospheric temperatures. Practically all liquids have an abrupt 
change in this coefficient when they change either to the gaseous 
state by boiling or to the solid state by freezing. The rate of 
expansion is as high as.0.15 per cent per deg. cent. for some li- 
quids. For ordinary kerosene the expansion rate is about 0.1 
per cent per deg. cent. and about the same rate holds for alcohol 
at usual atmospheric temperatures. 

When we come to consider solids we find a very much smaller 
expansion coefficient. Among metals, aluminum is nearly a 
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maximum with a linear expansion of about 0.0022 per cent per 
deg. cent. Some solid organic compounds, such as ebonite, have 
a considerably higher temperature coefficient, going as high as 
0.0077 per cent linear expansion per deg. cent. Some may go 
higher, but even the highest expansion of a solid does not ap- 
proach the values that may be obtained from liquids or gases. 
The use of a gas is objectionable since its volume depends on 
pressure as well as temperature. If the movement of the device 
requires power, some of the pressure will be expended for this 


Fic. 4 


purpose, and if a gas is used, some error will result, depending 
upon the amount of pressure required to cause movement. A 
liquid is practically free from this objection, most liquids being 
almost as incompressible as steel. The much higher coefficient 
of expansion of almost any liquid, compared to almost any solid, 
makes the choice of a liquid preferable. For these reasons there- 
fore, I have chosen the expansion of a liquid as the actuating 
force in my proposed meter. It is, of course, essential to select 
a liquid that will have a practically uniform rate of expansion 
between the temperature limits over which it is used. Ordinary 
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kerosene is one such liquid, although by no means the only one. 
I have used xylene with success and there are many other liquids 
that meet the necessary conditions. 

Fig. 4 shows one form of my proposed meter. There are of 
course many forms that this meter may take, and this shows only 
one of them. In Fig. 4, the arrangement of the circuits is the 
same as in Fig. 2, A and B being the two resistances. These 
resistances are here shown as immersed in the liquid within the 
closed cylinders Cand C’. Location inside is not necessary, but 
it makes for a little greater uniformity of temperature of the 
surface. The cylinders C and C’ are filled with oil or some other 
liquid that has a proper temperature expansion coefficient; 
D and D’ are nests of expansible diaphragms, so arranged that 
as the liquid changes in temperature, the variation in volume is 
indicated by the vertical movement of the rods FE and E,;. The 
arrangement shown of placing the nests of diaphragms within 
the cylinders will cause a minimum of interference with ventila- 
tion. The liquid is thus sealed into a chamber, the volume of 
which is variable. The outer ends of the two rods E and £; are 
connected to opposite ends of an arm F pivoted at its center point 
G. The two cylinders are mechanically connected together 
and so mounted that they are free to move vertically asa unit, 
without affecting the indications of the pointer O. To the arm 
F is attached the gear sector m ‘engaging with the pinion JN, to 
which is attached the pointer O. The angular position of the 
arm F is obviously dependent upon the relative temperatures of 
Cand C’. The effect of this structure is evidently to indicate 
by the position of the pointer O, the difference in temperature 
between the liquid in C and that in C’. The actual temperature 
of the liquid has no effect—only the difference in temperature. 
It is apparent therefore that this structure will constitute a watt- 
meter that has a lag in time between the passage of energy and 
its indication on the meter, the character of the lag being such 
that the meter will register the ‘‘ logarithmic average,” as de- 
scribed in a previous paragraph. The time over which this 
logarithmic average is taken may be adjusted by means that will 
be indicated in following paragraphs. A loose pointer may be 
added to be pushed around by pointer O and left in its highest 
position and this will indicate the maximum demand since 
last set. 

In another form that I have tried, I have used Bourdon tubes 
sealed full of an expansible liquid. As the volume of the liquid 
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changes with temperature, the tubes change their radius of 
curvature and this change may be used to actuate the meter. 
Still other forms will readily occur to those who will give the 
matter a little thought. Forms that use the expansion of gases 
or solids instead of liquids can, of course, be readily devised. 
The main thing is to have a mass of matter that will require an 
appreciable time to become heated, and wherein the thermal 
drops occur at the boundary surface, and not appreciably within 
the'mass of matter itself. 

Let us now get some concrete idea of the relation between 
physical size and the time required to heat certain masses of 
definite and specified shape. Let us first assume a mass of 
a spherical shape, freely suspended in still air. By “ freely 
suspended ’’ I mean so suspended that the suspension conducts 
away no heat, and at the same time does not interfere with the 
escape of heat from the surface by convection. Let us represent 
by # the quantity of heat in gram- calories per second that will | 
escape from each square centimeter of our sphere for each deg. 
cent. that it is elevated in temperature above its surroundings 
(emissivity). We will assume a straight line relation between 
temperature and rate of heat escape. This matter will be further 
treated later. 

If we assume that the sphere has a radius of a cm., the total 
surface will be 4 7 a2 cm. and the escape of heat for an elevation 
of T, deg. cent. will be at the rate of 47a? ET, gram-calories | 


persecond. The volume of the sphere will be 3 mw a’, the weight 


4 : ! ; 

37 a®D, where D is the specific gravity, and the gram-calories 

ofheat necessary to impart toitin order to elevate its temperature 
4 : 

by T, deg. cent. will be 3 Tt a’ DK T;, where K is the specific 


heat of the material of the sphere. Suppose therefore we begin 
to impart heat to our sphere at the rate of 4 7 a? KE T, gram-calo- 
ties persecond. Evidently it will continue to rise in temperature 
until it reaches the equilibrium temperature of T, deg. cent., 
where according to assumption, the rate of escape of heat is just 
equal to the rate of imparting. Suppose now we assume that, 
during the process of raising the temperature of the sphere, no 
heat escapes, and that as soon as final temperature is attained 
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heat begins to escape at normal rate. During the process of 
raising. the temperature, therefore, all the heat goes into the 
sphere, making the rate of temperature increase constant during 


this period. Since it requires = aza*DKT, gram-calories to 


raise the temperature of the sphere by 7, degrees, and since heat 
is flowing in at the rate of 4 7 a? E T, gram-calories per second, 
evidently the number of seconds to attain final temperature will 
be: 


= 1a’ DKT; 
eeintin 
ie arian Si gene aie E 


In Fig. 1,a a a shows the curve of temperature change under 
this constant rate assumption. As a matter of fact, the sphere 
will begin to radiate heat as. soon as there is any departure from 
initial temperature and, instead of following the line aaa, the 
time-temperature curve will really be the logarithmic curve 


bbb. At the end of a a ai seconds, the temperature will 


actually be 1 — = = 63.2 per cent. of the final temperature. 


What this really means is that if we apply heat at a constant rate 
to a sphere, the time required to attain any given percentage 
of its final temperature is independent of everything except the 
dimensions of the sphere, the specific gravity, the specific heat 
and the rate per degree of temperature elevation by which heat 
will escape from the heated sphere. 

The time in seconds for a sphere to attain 63.2 percent ofits 


final temperature rise is the quantity + a oS The value of 


D (specific gravity) is definite and fixed as soon as we have 
selected the material of our sphere. The same is true of the 
quantity K (specific heat). The quantity E (heat emissivity) 
is the rate in gram-calories per second at which heat will escape 
from each square cm. of the hot body for each deg. cent. of tem- 
perature elevation above environment. This quantity follows 
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a somewhat complex law when the temperature elevation is 
large, but a simple one when temperature elevation is small. 
Heat escapes from a hot body in three ways; by convection, by 
conduction and by radiation. The first two ways: convection 
and conduction, follow a straight line law—that is, escape of 
heat through them is directly proportional to the elevation in 
temperature above surroundings—at least, for small temperature 
rises. Radiation, according to the Stefan-Boltzman fourth- 
power law, increases at a much higher rate than the other 
methods ofescape. As longas the temperature rise is kept low— 
and by “low ”’ I mean that the hot body shall not be more than 
50 deg. cent. above its surroundings—the loss by radiation is so 
small compared to the losses by convection and conduction that 
there is no noticeable departure from the straight line law. 
The Stefan-Boltzman law for radiation is 


Ey = 0 (Ty; — T+) 


Where EL, = loss by radiation in gram-calories per second per 
sq. cm. of surface. 
go = aconstant. 
T, = absolute temperature of hot body. 
T, = absolute temperature of environment. 

For “ black bodies” o = 1.277 & 10-” (Smithsonian Physical 
Tables). If therefore we assume the environment at 300 deg. 
absolute (27 deg. cent. or 80.6 deg. fahr.) and the hot body 50 
deg. cent. higher, the loss per sq..cm. by radiation is 0.0088 
gram-calories per second for a “ black body.” For ordinarily 
clean brass or copper surface, such as meter parts would probably 
be made of, the radiation loss is only a small fraction of the 
“black body ” radiation. Langmuir (A. I. E. E. TRANSACTIONS, 
Vol. 31, page 1229), in interpreting certain results of Kennelly’s 
on copper wires, placed this fraction at considerably less than 
5 per cent. Since convection losses for the same temperature 
difference would be about 0.0125 gram-calories per second per 
sq. cm., and since a temperature difference of 50 deg. cent. is 
probably more than good practise would ever dictate, we can 
see that the effect of radiation in an actual instrument is quite 
negligible. 

When we come to study convection loss, we find a rather 
surprising lack of accurate data on this branch of physics. Ali 
authorities agree that convection loss varies directly as the 
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temperature elevation above environment. The shape of the 
hot body also has an effect, bodies of small radius of curvature 
losing heat faster per sq. cm. of surface than those of large 
radius of curvature. Prof. Boussinesq (quoted by Kennelly 
in paper on forced thermal convection, Am. Philosophical Soc. 
Vol. 53, 1914) arrives at the result that convection loss per 
sq. cm. on cylindrical rods is inversely proportional to the square 
root of the diameter. In order to arrive at a conception of the 
physical dimensions of the cylinders of our meter for certain 
specific times of response, we will assume that this square root 
law is correct. I find that it is practically correct over the range 
of cylinder sizes with which I have experimented. It does not 
seem to hold very well with the very small wires (0.01 to 0.07 
em. diamteter) with which Kennelly experimented (A. I. E. E. 
TRANS., Vol. 28, Part 1, 1909), and for surfaces of very large 
radius of curvature the law evidently does not hold, since for 
flat surfaces—infinite radius of curvature—it would give zero 
loss by convection, an obvious inconsistency. However, for 


the range of sizes that I would use, the relation EK = a 
a 


where a is the radius in cm., holds with a sufficient degree of 
accuracy for all practical purposes. The accuracy of this 
relation is not essential, since some other value of £ will simply 
mean that the times of response that are given in a later para- 
graph are not exactly correct—that certain parts might have 
to be made a little smaller or a little larger or modified in 
some other way to arrive at a certain given time of response. 

The effects of thermal conduction will be considered in a 
later paragraph. The determination of E therefore fixes all 
of the quantities that govera the time of response of uur iweter. 
As we have seen, if the meter is made up of two equal spheres, 
the time to attain 63.2 per cent of final temperature is 


ep lidiy LFoa 4 
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If we consider long cylinders instead of spheres. the time of 
response becomes 
1 K 


imal a lane = 000RD Ke a 


(The above values are obtained by substituting the value 
for E.) 
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The question now arises, shall we fix the time of our device 
by the period required to attain 63.2 per cent of final temperature, 
or shall we use some other proportion? In my opinion, the 
time-value should be fixed as that necessary to attain 90 per cent 
of final value instead of 63.2 per cent. This will mean that a 
steady load that will cause the meter to attain 90 per cent of 
the final value in a certain time period, will cause it to attain 
99 per cent in two similar time periods, 99.9 per cent in three 
periods, etc. In Fig. 5 is shown the relation between the 63.2 
per cent time value (in curve ccc) and the 90 per cent time 
value (in curve bbb) each on the basis of a ten-minute meter. 
It will take 2.3 times as long for a meter of this type to attain 
90 per cent of its final value as it does to attain 63.2 per cent. 
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The line aaa is also drawn in for the purpose of comparing the 
indications of a maximum demand meter giving an average 
of the commonly accepted type with “logarithmic average ”’ 
given by the heat storage type. If we place a given steady load 
on each of these three types of meter, they will approach their 
final reading along these three lines of Fig. 5. The meter that 
gives the commonly accepted form of average will indicate a 
maximum demand in direct proportion to the time the demand 
is maintained. For instance, if the demand lasts for only one- 
half the full period, only one-half the normal rate of taking 
power will be indicated; if for the full period, the full rate will 
be indicated; and if the demand lasts longer, then one full 
period, the indication does not increase. With the 63.2 per 
cent meter, if the demand lasts for one-half the period, 39.3 
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per cent of the full rate is registered and for the full period, only 
63.2 per cent; the demand must last 2.3 periods before 90 per 
cent of the full rate is registered, and for 4.6 periods before 
99 per cent of it is registered. With the 90 per cent meter, 
if the demand lasts for one-half the period, 68.3 per cent of the 
full rate is registered, and 90 per cent for the full period, 99 per 
cent for the two periods, etc. 

Fig. 6 may give a little more concrete idea of the nature of 
the average measured by a thermal storage meter. Suppose we 
have a load constantly varying with time as indicated by the 
broken line CH DEIK FM. If we apply a thermal storage 
meter to this load of such characteristics that it requires one 
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hour for it to attain 90 per cent of its final indication, the cooling 
(or heating) curve of that meter will follow the law indicated 
by curve A. The quantity that will be indicated by such a 
thermal storage meter at any given instant, (for instance, at 
12 o’clock in Fig. 6), will be proportional to the cross-hatched 
area under the broken line C’ H’ D’ E’ I’ K' F’ M. The value 
of any ordinate of this cross-hatched area at any instant is 
proportional to. the value of the power ordinate at that instant 
reduced by the ratio of the ordinate of curve A at that instant 
to the maximum ordinate OG ofcurve A. Ifwecan just imagine 
this curve A as continually sliding along the power curve, the 
quantity which a thermal storage meter measures will always 
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be proportional to an area that is secured at each instant, 
just as Fig. 6 shows it at the instant of 12 o’clock. 

If our meter is a ten minute meter instead of a one-hour 
meter—that is, if it takes only ten minutes to cool down or 
heat up to within 10 per cent of its final value—the quantity 
that: will be measured will be proportional to the cross-hatched 
area under the broken line K’’ F’’ M. In this case, the ordinates 
of this area are reduced in accordance with the logarithmic curve 
B instead of A; the curve B comes down to 10 per cent of its 
initial value in ten minutes instead of one hour as in the case of A. 

Reference to Fig. 5 will make it evident that the rate of 
taking power as indicated by the 63.2 per cent meter at no time 
exceeds the rate as indicated by the type of meter that gives the 
commonly accepted form of average, no matter how short a 
time of measurement is involved. In other words, the inclina- 
tion of the curve ccc at zero time is the same as that of aaa. 
The inclination of the curve 6 bb at zero time is 2.3 times that 
of aaa or ccc, which means that if the demand lasts for only 
a very short proportion of the meter period, the rate indicated 
by the 90 per cent meter is 2.3 times the rate that would 
be indicated by the meter measuring the commonly accepted 
form of average. I do not consider this a disadvantage since it 
is universally admitted that the user who makes a large rate of 
demand for power for a short period should pay more than the 
one who makes a smaller demand for a longer period, the kilo- 
watt-hours of the demand being the same in both cases. This 
condition is one that is automatically recognized by the ‘ log- 
arithmic average ’’ meter. 

Another point in favor of the ‘“ logarithmic average ” is that 
the heating of generators, cables, transformers and other electri- 
cal apparatus follows exactly the same kind of a law. There- 
fore, when we are approaching the limit due to heating, a ‘ de- 
mand ” based on a “ logarithmic average ” is much more logical 
than one based on the commonly accepted form of average. 

Another point should be borne in mind; in a meter that 
measures the commonly accepted form of average, each time. 
period is registered without reference to what has gone before; 
that is, each time period stands onits own bottom. For instance, 
if an extraordinarily heavy demand that endures for only one 
complete meter period occurs and one-half of this demand occurs 
in one meter period and one-half in the next following period, 
the meter would register only one-half such maximum. The 
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90 per cent “‘ logarithmic average.’ meter would register at least 
90 per cent of such a demand, no matter when it occurs. Inthe 
logarithmic average meter, it is the increment of energy over and 
above the preceding steady condition that begins to affect the 
registration along this logarithmic law. For instance, suppose 
we have a load that has been maintained at 90 per cent value 
for a long enough period to bring the “logarithmic average ”’ 
meter to its steady state. The meter will then indicate the full 
90 per cent of energy. Now suppose another 10 per cent is 
added; it is this increment of 10 per cent that begins to be regis- 
tered along a logarithmic curve, not the whole amount. 

Coming back again to the question of the physical size of the 
parts required for a given time of response, we now have com- 
plete data to make the determination, provided we assume the 
meter is composed of either spheres or long cylinders, and pro- 
vided we know the specific gravity and the specific heat of the 
heated parts. In a previous paragraph we found that the time 
required to attain 63.2 per cent of final temperature was 1333 
DK a?/? for spheres and 2000 DK a?/? for long cylinders. To 
attain 90 per cent of final temperature these values must be 
multiplied by 2.3. 

In the following table, data concerning the time of response 
for various materials are given: 


A B (On D E 
Alum mtn. irre ussetel Sanaraee teres she 0.583 778 18.5 42.5 64.0 
(Byard coy reece, aie aR. |e; Sian See 0.36 480 11.4 26.3 39.5 
Gobalt Seiden ka hee, Boo a ed stele. 0.898 1200 28.6 65.5 98.5 
Copper. ........ 0.83 1110 26.4 60.6 91.0 
PE OM storys enetenes ea atase efor vile: aye ayers ah ¥ 0.902 1205 28.7 66.0 99.0 
reads 2 2ea,a,0ceraserepols s,ohs:loro tiered eran siete, « 0.34 453 10.8 24.8 Shae 
Mercury..... 0.445 593 14.1 32.5 48.8 
INickelh Ags hic. ie ab ola ee MPa ote we Be a 0.962 1285 30.5 TAU GS) 105.0 
IDG EA SSE arta hs ys, eyctonss cnclen scp yaN Rees 0.145 193 4.6 10.6 15.9 
TRV er amr et ret stones wraiiers spal-acahava-a/Wievertice se 0.583 779 18.5 42.6 64.0 
DRIRAS Shia eae oe Oa oO eo ee 0.38 507 iP aeal 27.7 41.7 
PALABRA TNT os Tokeee ei een 0.67 895 2153 49.0 Goce 
Aleohol its Tene) «ach wet uit eee. 0.486 650 15.4 35.5 Been 
GUY Cerine tar cre nai ath ote a Sens oyealoaels 0.726 970 23.1 S301 79.7 
DV OU en Horse e see Se cos oes 0.442 590 24.0 See 48.5 
Pur pentines. .cSvemiompachd toiees Ato. dees 0.358 478 11.4 26.2 39.2 
Ebr OLCUITIME Re eaaracis ay NWsie eye e¥ ouch cVeudeincone 0.45 600 14.3 32.9 49.4 
PEVIORE Scintahe s svsteteis Wotearete eve othe oe 0.392 522 12.5 28.7 43.0 
ROME TIC. carte ays ov ehoxi aaetalead< ate MA.« t 0.37 493 11.8 PCA 40.6 


2302 LINCOLN: RATE MAKING [Oct. 8 


Column A gives the value of the product of DK; specific 
gravity multiplied by specific heat. 

Column B gives the time in seconds for a sphere of one cm. 
radius to attain 63.2 per cent of its final temperature. 

Column C gives the minutes for a sphere of one inch diameter 
to attain 63.2 per cent of its final temperature. 

Column D gives the minutes for a sphere of one inch diamete 
to attain 90 per cent of its final temperature. , 

Column E gives the minutes for a long cylinder of one inch 
diameter to attain 90 per cent of its final temperature. : 


0..00025 
Va 
If E has some other value, the ‘above values will not hold 

accurately. 

The following table gives in column A the diameter of iron 
rod or wire that will arrive at 90 per cent of final temperature 
in the time given in the first column, as calculated by the above 
formula; in column B it gives similar data for a material where the 
product of DK is 0.5. This is approximately the value of the 


product of DK for a cylinder containing oil as shown in structure 
of Fig, 4. 


These results are based on the presumption that E = 


Minutes, A. 133, 

il 0.059 0,088 

2 0.094 0.14 

5 0.174 0.257 
10 0.276 0.408 
15 0.36 0.536 
20 0.437 0.648 
30 0.572 0.850 
45 0.75 ial 
60 0.91 1.350 


There are many ways in which the time of response may be 
regulated. Time to attain a given percentage of final tempera- 
ture depends upon the ability of our mass to store heat compared 
to its ability to get rid of its heat. This ratio may be regulated. 


in many ways. An analysis of the expression a a* 
for a sphere to attain 63.2 per cent of final temperature) will 


(time 
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indicate many of the possible methods at once. For instance, 
the time of response may be increased by making any change 


that will increase the value of s a 


dimensions, increasing the product DK or decreasing E. The 
time may, of course, be decreased by a contrary operation. 
Since a sphere already has a minimum of surface for a given 
volume, a change to any other shape will obviously decrease the 
time of response. 

It may also be well to indicate some methods of changing the 
time of response that are not at. once obvious upon a considera- 


such as increasing the 


As indicated in the fore- 


tion of the quantity 5 a — 


going, a sphere gives the maximum time of response (considering 
a given amount of material), and a change'to any other shape for 
our mass of matter, will decrease the time. This general method 
of changing the time of response may be carried to almost any 
limit. ‘Wings’? which will increase the radiating surface 
without correspondingly increasing the mass may be added 
almost without lirfit.. Also, the heat emissivity E may be in- 
creased by artificial ventilation or by immersion in a liquid, or 
modified by other means. Still another possibility is to encase 
the masses of matter in a heat insulation. This will have but 
little effect upon the radiating surface, but on account of the 
comparatively large thermal drop through the heat insulation, 
will cause the heat storage capacity to increase largely. This, 
of course, will have the effect of increasing the time of response. 

The complete analysis of the relation between the rates of 
heat application to two similar bodies and the resulting differen- 
tial temperature between these two bodies is given in Appendix 
3. From that analysis it is evident that the time of response of 
this differential temperature may be reduced to almost any ex- 
tent by thermal shunting. Suppose, for instance, we made the 
two oil-holding cavities shown ‘in Fig. 4, in the same block of 
metal, so that the rate at which the two cavities may exchange 
heat is very large compared to the rate at which either may lose 
heat by convection; it is evident that such a construction will 
reduce the time of response to almost any desired extent. In 
general; the matter of adjusting the time of response becomes a 
question of design. It is, of course, desirable to reduce the 
amount of energy taken by a meter toa minimum, and this re- 
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quirement will, in general, lead to a minimum amount of thermal 
shunting between the two masses, since a given time of response 
can then be secured with masses of minimum dimensions, and 
therefore with ninimum losses. 

The type of meter shown in Fig. 4 is capable of being readily 
adapted to wide variations as to time of response, using the same 
working parts. This may be accomplished by so proportioning - 
the natural tube size that it has a time of response of say ten 
minutes. For longer times of response, jackets may be slipped 
over the cylinders C and C’ that add to the mass of these parts, 
but do not correspondingly increase the radiating surface. 
For shorter times, jackets of small mass and provided with many 
metal ‘‘ wings ’”’ of considerable radiating surface may be pro- 
vided. Thus the same working parts may be used to cover a 
large range of time—probably as large a range of time as would 
be called for in commercial practise. 

It may be well at this point to call attention to some of the 
points in design that must be watched. Connections must, of 
course, be made to any meter in order to take in the necessary 
current. Heat will be taken out by virtue of the heat conduction 
of these leads. Take, for instance, a five-ampere meter; this 
would be provided with leads of probably not less than No. 18 
copper wire, and of a length of say four inches. Copper is a 
good conductor of heat as well as electricity—so good in fact, 
that the two No. 18 copper leads four inches long will carry off 
about as much heat as one square inch of surface will lose by 
convection to the surrounding air, assuming that the outer ends 
of the electrical connections remain at normal air temperature. 
Say we have 10 square inches in the surface of each actuating 
cylinder in Fig. 4, it follows that about 10 per cent of the heat 
generated would be taken away by the heat conduction of the 
electrical leads. So long as the conduction of heat away from 
both cylinders is at the same rate per degree of temperature rise, 
there will evidently be no error, since it is temperature difference 
that causes the meter to indicate. The form of meter that I 
have shown is particularly advantageous from this point of 
view, because the connections, as well as all other parts of the 
two cylinders, may be exact duplicates in every respect. 

However, this gives us a clew to the cause of the unreliabliity 
of the Wright demand indicator, mentioned in an earlier para- 
graph, particularly in the larger capacities. Fig. 7 indicates 
roughly the construction of a Wright demand meter. A and B 
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are two equal glass bulbs at either end of a glass U-tube C. The 
U-tube C is partially filled with a liquid D. One of the bulbs 
A is wound with resistance ribbon, while the other bulb is simply 
exposed to the surrounding air. The current to be measured is 
passed through this resistance ribbon and the heat due to this 
current causes the airin bulb A toexpand. The liquid in U-tube 
Cis thereby forced down in the left-hand side and up in the right- 
hand side. An auxiliary tube F catches this rising liquid, and 
the amount of liquid in the tube F as measured on the scale g 
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indicates the maximum demand in current since the meter was 
last set. In the Wright meter, it is the differential temperature 
that causes a response, just as it is in the meter I have herein 
proposed. In the Wright meter, this differential temperature 
will depend on the rate at which heat can escape from the resist- 
ance strip around the bulb A in Fig. 7, and this in turn will 
obviously depend, to a very considerable extent, upon the size 
and external temperature of the leads connecting with terminals 
TandT,. The radiating surface of the bulb of the Wright meter 
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is of the order of 5 to 15 square inches. We have seen that a No. 
18 wire (1624 cir. mils) four inches long will dissipate about as 
much heat as one square inch of surface will lose by convection. 
This would be the approximate condition for a five-ampere 
meter. If, instead of a five-ampere meter, we are dealing with 
say 100 amperes and are using a No. 3 lead (52,630 cir. mils) 
instead of a No. 18, we will see that a very large proportion of the 
heat would be carried away by conduction and thereby cause a 
large and indeterminate error. In other words, in meters of 
large ampere capacity, it is not convection that carries off most 
of the heat, but conduction out of the lead wires. We can at 
once see that the size of the leads run to the terminals T and T, 
of the meter and their outside temperature condition must have 
a marked influence upon the indications of such a meter. Ifa 
wireman were sent to connect up a 100 ampere meter, he might 
use any size of wire from No. 4 to No. 1, and it is obvious that 
the relative heat conductivity of the wire selected will have 
a marked influence on the indications of the meter. Also, the 
temperature conditions outside the meter will have a marked 
effect. For instance, if the meter is inside a warm room and the 
leads enter from the outside through a wall, it is evident that the 
temperature of the outside air will have a marked effect on the 
indications of the meter. It will make a great difference whether 
the air around the outside lead wires is a winter temperature of 
20 deg. fahr. below zero, Or a summer temperature of 100 deg. 
fahr. above. This all comes about because, with the Wright 
meter, only one bulb is heated and much of the heat of the hot 
bulb is taken away by the lead wires, particularly in the larger 
capacities. Another source of error that the Wright meter is 
open to, is hot joints in the leads close to the meter, thereby af- 
fecting the temperature of the active bulb A, while it would have 
no effect on the passive bulb B. 

Not only does this analysis show the reason why the Wright 
meter is inaccurate, but it indicates the remedy—viz., make 
both bulbs (4 and B of Fig. 7) duplicates insofar as the dissipa- 
tion of heat by conduction is concerned.| This can be accom- 
plished by winding both bulbs with exactly duplicate windings 
connected with duplicate leads to the terminals of the meter. 
The passive bulb would be provided with a winding E, which is 
a duplicate in every respect of the winding E except that the 
winding EZ, would be open-circuited so that no current could flow 
therein, and if this open circuit is made at such a point as not 


¢ 
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to interfere with heat conduction (the middle of the winding) 
the compensation will be complete. 

As indicated in an earlier paragraph, it has long been recog- 
nized that the time characteristics of the Wright meter were 
unsatisfactory. It acquires most of its deflection in a compara- 
tively short time after the application of the load and then creeps 
to its final position with extreme slowness. A brief analysis 
shows the reason for this action. Referring to Fig. 8, let Rbea 
strip of resistance metal connected between two terminals Ti 
and T.2, current being brought in through the leads ZL; and Lo». 
When current is passed, the resistance strip will begin to heat. 
The time required to heat this strip alone will depend upon the 
ratio of the heat-storing to the heat-dissipating ability of the 
strip. Considering the strip alone, therefore, the time of response 
would follow a simple logarithmic curve. However, as soon as 
the strip begins to rise in temperature above the terminals T 
and T2, heat will be conducted from the strip into these terminals. 
The ratio of the heat-storage to the heat-dissipating ability in 

the terminals is entirely different from the 
strip, making the time of response for these 
terminals, in general, much longer than 

for the strip. As the terminals begin to 
ress rise in temperature, heat is in turn con- 
ducted away from them by the leads L, and 

Ly, and these have still another ratio of heat-storage to heat- 
dissipation ability, and as a consequence, still another time of 
response. The final time of response of the average temperature 
rise along the strip R above the surrounding atmosphere is a 
combination of all these times. At first, the time of response 
is dictated almost entirely by the characteristics of the strip R. 
After this attains a large part of its final temperature rise, heat 
is conducted into the terminals and from that point on, the time 
of response is dictated almost entirely by the characteristics of 
these terminals. This time is in general much slower than the 
strip. A Wright demand indicator has practically the same time 
characteristics as the structure shown in Fig. 8, and it is thus the 
presence of the terminals and the incoming leads that causes the 
initial rapid response and the later creeping in these devices. 
The addition of the ‘“‘ dummy winding ” as indicated in Fig. 7 
entirely obviates this difficulty since the relative temperature 
of the two bulbs is indépendent of the actual temperature of the 
terminals. Thus, the addition of the ‘dummy winding “id 
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not only makes this form of ammeter accurate and reliable, but 
it also removes the unsatisfactory time characteristic that has 
always been so objectionable in the Wright meter. 

However, the Wright form of meter is so objectionable on other 
accounts that it probably could not compete successfully with 
a form similar to that shown in Fig. 4. It is of glass, it requires 
a considerable amount of free space in front to provide for reset- 
ting, and it occupies much more space than the form shown in 
Fig..4. 

In regard to the question of power factor and its effect on rates 
for electric energy, there is practically no authority that does 
not agree that power factor should be taken into account in some 
manner. The user who takes his energy at alow power factor 
uses more generator capacity, more transformer capacity and 
more transmission and distribution capacity, than the user who 
has a high power factor. Although 
this has always been acknowledged, 
it has rarely been recognized in the 
rate for service, for the simple 
reason that there has been no 
simple and effective means for de- 
termining the power factor of the 
customer's demand. Fortunately 
the meter I have described lends 
itself beautifully to a system of 
rates that includes power factor 
as one of the variables to be determined and recognized in the 
rate. A description of my method of accomplishing this may be 
of interest. 

Any wattmeter is also a reactive component meter when 
properly connected; in fact, the wattmeter measures the projection 
of the current of a circuit upon that particular phase angle that 
is across the voltage coil. Refer to Fig. 9, and let OA represent 
in magnitude and direction the value of the volt-amperes we 
wish to determine completely. Let AOC be the angle of lag in 
the volt-amperes taken. A wattmeter will measure the pro- 
jection OC, while a reactive component meter will determine 
the projection OB. It is evident therefore that if we use both a 
wattmeter and a reactive component meter and combine their 
indications in a proper manner, the quantity OA can be deter- 
mined both in magnitude and in direction. A further analysis 
will show that it is not essential that the projections determined 


Fic. 9 
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be on the xx axis and the yy axis. Suppose we have a voltage 
direction zz. A wattmeter with the voltage across 22 will deter- 
mine the projection OD. It is obvious that we can combine any 
two of the three quantities, OB, OC and OD to determine the 
magnitude and direction of the quantity OA, provided we know 
the angle between the directions along which the two projections 
used are measured. It is simply a matter of determining the 
position of a point when its distance from two lines disposed at a 
known angle to each other is given; a matter of very elementary 
analytical geometry. 

Fig. 10 shows one method in which this principle may be used 
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to determine the watts, volt-amperes and power factor of an 
electric circuit. A and B are wattmeters in the circuit (one in 
each phase) and A’ and B’ are reactive component meters. It 
is evident from the structure shown that the movement of the 
small vertical rod cc in a horizontal direction will be in proportion 
to the watts of the circuit. -Also, the movement of the horizontal 
rod c’ c’ ina vertical direction will be in proportion to the reactive 
component. The intersection of the two rods ce and c’c’ will 
therefore be an index of watts, reactive component, volt-amperes 
and power factor. The watts will be measured on the horizontal 
scale, the reactive component on the vertical scale, the volt- 
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amperes on the circular scale and the power factor on the diagonal 
lines. 

Thus, a singleinstrument willgive practically all of the informa- 
tion that one wishes to know about an alternating circuit 
except voltage. It would seem that an instrument built on lines 
indicated in Fig. 10 would have a very considerable field of use- 
fulness. 

In the ordinary case, one quarter or less of the scale shown in 
Fig. 10 would be sufficient. The entire scale of Fig. 10 is needed 
only when the load swings from input to output and when the 
phase under either condition may be either lagging or leading. 
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Ordinarily the load flows always in one direction—either input 
or output as the case may be; ordinarily, also, phase always lags 
or always leads, as the case may be. Each of these conditions 
cuts off one-half the complete scale in Fig. 10, and both conditions 
cut off three quarters of it. 

In some cases it may be an inconvenience to use the two-dimen- 
sion scale shown in Fig. 10. The quantities that are most needed . 
for rate-making purposes are the watts and. volt- -amperes of 
maximum demand. A convenient method of avoiding the dis- 
advantages of the two-dimension, scale, and at the same timc. 
securing the valueof the maximum demand of both these 
quantities, is shown in Fig. 11.. Here 4A and BB are respec- 
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tively a wattmeter and a reactive component meter of the type 
shown in Fig. 4. The moving parts are provided with exten- 
sions ¢ and c’ which are disposed at a right angle to each other. 
The pointers D and D’ are actuated by cords which pass around 
pulleys E and E’. In the case of the wattmeter, the cord is 
attached to a fixed point, and from this point passes through a 
small hole in arm c immediately adjacent to the fixed point of 
attachment, when the arm is in its zero position, thence around 
small pulley F and is wound round and attached to pulley L. 
It is evident that the cord will always be pulled out and the pulley 
E rotated by an amount proportional to the watts. To actuate 
the pointer D’ of the volt-ampere meter, the cord is attached to 
the arm c and thence passes through a small hole in arm c’ 
located immediately adjacent to the point of attachment to c 
(these points being selected at zero volt-amperes) and thence 
around the small pulley F’ and is wound around and attached to 
pulley E’ (axis coincides with pulley £): Owing to theright angle 
relationship between arms ¢ and c’, it is evident that this cord 
will be pulled out and pulley’ rotated by an amount proportional 
to Vw? + w? where wis the watts and w; the reactive component 
of the circuit. This quantity is volt-amperes.. Two loose 
pointers may be provided to show the maximum of each quantity 
that has occurred since last set. 

At some relative values of watts to reactive component, there 
will be some error in the determination of volt-amperes on ac- 
count of the departure from a right angle relation between 
arms candc’. If desirable, other mechanical structures may of 
course be devised.to avoid this source of error. 


SUMMARY 


1. A logical and just rate for electric service cannot be based 
on kilowatt-hours alone. 

2. Load factor must be recognized in some manner in order 
to arrive at a logical rate. . 

3. In order to recognize load factor it is necessary to measure 
both kilowatt-hours and maximum demand. 

4. Measurement of the demand is preferable to inferring this 
quantity by any indirect means. 

5. Measurement of demand by heating and heat storage 
devices leads to a logical result, since the limiting capacity of 
the apparatus for supplying the service is fixed by a law of like 
kind. 
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6. Power factor should preferably be recognized when 
measuring demand, since the heating capacity is limited by kilo- 
volt-amperes, not kilowatts. 

7. Devices, depending on heating and heat-storage, which 
are simple, cheap and accurate can be supplied for the purpose 
of measuring maximum demand either in kilowatts or kilo- 
volt-amperes, or both. 

8. The time period for these devices may readily be varied 
to cover the entire range recognized by modern practise. 


APPENDIX 1 


If we apply heat to a mass of matter, what is the law that 
connects temperature rise with time? ~ 
Let E = emissivity in gram-calories per sec. per sq. cm. of 
boundary surface per degree cent. of tempera- 
ture rise above environment. 

“ S = area of the boundary surface in Sq. cm. 

“ T, = the final temperature rise attained above environ- 
ment (which remains at constant temperature). 

“ M =the amount of heat (in gram-calories) stored in 
our mass of matter for each degree of temperature 
rise. 

“ @ = instantaneous temperature above environment. 

When heat is applied to our mass of matter we will assume 

that the thermal drops within the mass are negligible compared 
to the thermal drop from the boundary surface of the mass to 
the environment. The error resulting from this assumption in 
actual practise is so small as to be inappreciable. The rate 
at which heat is applied in order to attain a final temperature 
of 7, degrees is evidently S E T, gram-calories per second. In 
a differential time dt the amount of heat that enters the mass 
is evidently SET, dt gram-calories. Part of this heat goes 
_ to elevate the temperature of the mass and the remainder escapes 
from the boundary surface into the environment at a rate propor- 
tional to the temperature rise above environment at that instant. 
If 0 is the temperature rise at any instant, then the rate at which 
heat escapes from the boundary surface is evidently S E T, 


0 
Tr or S E 6, and the amount of heat that escapes in differential 


time dt is SE @ dt. The amount of heat that goes to elevate 
the temperature of the mass in the same differential time is 
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evidently Md 0, where d @ is the differential increase in tem- 
perature that occurs in time dt. 


Obviously, 
SHET,di=SE6dat+ Mdé 


The solution of this differential equation is: 


SE 
peep, (1-e-m") 


The time of response evidently depends wholly upon the 
value of the coefficient of ¢ in the exponent of e. Further, this 
value obviously does not depend upon the final temperature, 
but simply upon the size, shape, material and environment of the 
mass of matter—quantities that are constants with a given mass 
in a given environment. 


- 


APPENDIX 2 


Let I, be the current that flows through the resistances that 
is proportional to the voltage, and J; the current therein that 
is proportional to the current of the circuit measured. If the 
currents J, and J; are direct current or if they are alternating 
current of the same wave shape and in phase, it is obvious that the 
resultant current when J, and J; are superimposed is J, + J; 
when J, and J; are of the same sign and J, — J; when of opposite 
sign. The heating effects are of course proportional to the 
squares of these values, and the difference in the heating of 
these two derived currents is (J. + 1:)?— U.— J:)?= 41, Ji, 
and therefore proportional to watts. 

When 7, and J; are alternating currents of different wave 
shapes and out of phase with each other, the result is not so 
obvious. Suppose we have any e.m.f. wave that has an effective 
value of I.. It is well known that this wave may be assumed 
to be composed of a fundamental frequency sine wave having 
an effective value of IJ,; upon which are superimposed harmonics 
of higher frequency having effective values of I.2 for the second 
harmonic, J.3 for the third, 7.4 for the fourth, etc., etc. It 
Ys well known that 


Pepe yLaat ist Dee? tes? 
Similarly in any current wave, 
Pe = Tae Lie” ol 331 
Let us now superimpose J; upon J, the fundamental frequency 
Ie: being the same as J;; but having a phase difference of 61. 


2314 LINCOLN: RATE MAKING [Oct. 8 


Let us further assume a phase difference of 02 between IJ.2 and 
Ti, of 03 between J,3 and J;3 etc., etc. Itis well known that super- 
imposing I;, upon J,; there being a phase difference of 6; will 
produce a resultant sine wave having an effective value of 
VIe? + Ti? + 20, 1,08 0;. If now I;, be reversed with respect 
to Ig, the resultant current is VJo2 + Ig? — 22, Ii cos 04. 
The heating effect of these resultant currents is proportional to 
the squares and the differences in heating effect of these two 
resultants is obviously 4 J,.1 Ji: cos 0;.. The reversal of I; with 
respect to I, will obviously reverse each harmonic and the 
difference in heating effect of each resultant harmonic is evi- 
dently of the form 4 Ten lin cos 0, Where currents of differing 
frequency are superimposed, the resulting heating effect is equal 
to the sum of all the heating effects of the various frequencies 
taken separately. 

Therefore, in heating effects, 


(1 eye Sep ae ha a Con eee Pa reas 
I .3 133 Cos 6, + ae a ] 


As is well known, the quantity within the brackets is the 
general expression for the energy of an alternating circuit having 
any voltage wave with an effective value of J. and any current 
wave with an effective value of J; and any phase difference. In 
other words, superimposing J; upon J, first with one relative 
direction and then with J; reversed with respect to J, and sub- 
tracting the squares of the resultant currents thus obtained, 
gives exactly four times as large a result as multiplying the 
instantaneous values of J. and J; and integrating the product. 


APPENDIX 3 
Suppose we have two similar bodies A and B to which we 
apply heat respectively at the rates of H; and H» gram-calories 
per second. Suppose further that these two bodies are connected 
by a thermal shunt c, that will carry heat be- 
() cs tween A and B at the rate of Q gram-calories 
; per second for each degree cent. of temper- 
ature difference. Assume that the surface and thermal storage 
of shunt C are negligible. What is the law that governs the rela- 
tion between rates of heat application, resulting temperature 
differences and the time of response of temperature difference 


after beginning the application of heat or a change in its rate of 
application? 
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Let H, = the rate in gram-calories per second at which heat is 


applied to A. 

H» = the rate in gram-calories per second at which heat is 
applied to B. 

Q = thermal conductivity of shunt C in gram-calories per 
second. 


6, = instantaneous temperature of A above environment. 

6, = instantaneous temperature of B above environment. 

E = heat emissivity of each body in gram-calories per 
second per degree cent. per sq. cm. of surface. 

S = surface in sq. cm. of A or B (similar). 

M = amount of heat in gram-calories stored in A (or B) 
per degree cent. of temperature rise. 

It is then evident that 
H, dt = amount of heat that is put into A in differential 


time dt. 
H, dt = amount of heat that is put into B in differential 
time dt. 
S E 6, dt = amount of heat that escapes from surface of A 
in differential time dt. 
SE 6,dt = amount of heat that escapes from surface of B 


in differential time dt. 
M d 0, = amount of heat that is stored in A in differential 


time dt. 
M d 6, = amount of heat that is stored in B in differential 
time dt. 
Q (0,—02) dt = amount of heat that flows through shunt from A 
to B time dt. 


It is evident that there are only three ways to account for 
the heat that enters A, namely, 


(1) It may escape from the surface by convection. 
(2) It may escape by conduction through thermal shunt Q. 
(3) It may be used to raise the temperature of A. 


Exactly the same statement is true of B, except that the sign 
of the heat transferred through the thermal shunt C is opposite. 
It is evident therefore, that, 


Hi dt —Q (6; — 02) dt=SEAdi+ Md, ey 


Ha dt. +, 0 (8;,—.02) di. = SE Oo dt + Md 0, 
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Subtracting, 
(H, — H2) dt — 2Q(0@1 — 02) dt = Md (6; — 62) + SE (6; — 82) dt 
Or, 

(H, — He) dt — (S E + 2Q) (61 — 62) dt = Md (6; — 02) 


This differential equation is of exactly the same form as that 
derived in Appendix 1 and similarly its solution is 


Hi-H, (, mae, 
ee = M 
SE + 20 ( 4 


It will be noted that when H. = 0, 6, = Oand Q = 0 this 
equation reduces to exactly the same thing as found in Appendix 
1, as of course it should be. 

This analysis also makes it evident that the differential 
temperature between two bodies having heat applied to them at 
different rates follows the same kind of a transient time law as a 
single body maintained in a uniform environment. Also, it 
shows that the law is not disturbed in form by the introduction 
of thermal shunting between the two bodies. The differential 
temperature (0:— 02) becomes finally, when ¢ becomes very 
large, proportional to the difference in rates of heat imparting 
(H,— H:); the differential temperature approaches this final 
value along a logarithmic curve, and the time in seconds to 
attain 63.2 per cent of final value is 


MEN 
SE +20 


6, — 6. = 


if 


If Q is zero and the body is a sphere, this reduces to exactly 
what we had before. If Q be made large compared to SE, 
this will obviously affect both the final value that 0,— 6, 
attains—making it smaller—and also affects the time to attain 
this final value—making it shorter; this is evident since the 
quantity S E + 2Q appears both in the coefficient of the quantity 
(1 — e~4*) and also in the exponent of e, in a coefficient A of ¢. 

As we have seen from Appendix 2, the value of the quantity 
H, — Hy is always proportional to the watts of the circuit, pro- 
vided we have an arrangement similar to that shown in Fig. 2. 
If therefore, we measure the differential temperature 6,— 0, 
it will constitute a true wattmeter measuring the “ logarithmic 
average” of past energy flow. One of the essentials in making 
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the quantity H:— Hz: always proportional to watts is to keep 
the two resistances (a and b, Fig. 2) always at the same value. 
If those two resistances aresdifferent in value, the line current 
(Fig. 2) no longer divides equally between them and consequently 
the J; that superimposes on the J, in one resistance is not of the 
same value as the J; that superimposes on J, in the other resis- 
tance. The two resistances are normally at different temperatures 
and it is consequently desirable to use materials for resistances 
a and 6 that have no temperature coefficient or to use other 
means of maintaining proper relative values of J, and J; in these 
resistances and then compensating for the variation in resistance 
with temperature. It is not difficult to secure resistance ma- 
terials that have a negligible temperature coefficient; but even 
if we used materials with a temperature coefficient,compensation 
would be possible. The final value of 0:— 6, depends on the 
A, — Hy 
SE +20 
of this fraction vary, no error will occur provided the same con- 
dition makes the denominator vary in the same proportion. 


ratio - and if a given condition makes the numerator 


SEES and exactly 
the same statement is true of this ratio. Further, the quantity 
actually measured by the device shown in Fig. 3 is not 6:— 62 
but a differential expansion depending on differential temperature 
and the resulting expansion gives a further opportunity for 
compensation. 

That the value 6; — @2 is still independent of all surrounding 
temperatures is possibly not entirely apparent at first sight, and 
may therefore justify the submission of 
proof. Suppose we have two similar 
bodies A and B and that they have 
heat imparted to them at such a rate 
that they attain a temperature of 
6, and @, respectively. Suppose that each body loses heat by 
convection at the rate of a gram-calories per second per 
degree cent. of temperature above surrounding air, assumed 
to be at 0, degrees cent. Suppose further that each body 
is connected by similar thermal shunts to another body T 
(meter terminal, for instance) kept at temperature 0; and that 
heat will pass through these thermal shunts at the rate of b 
gram-calories per second for each degree cent. of difference 


The time of response depends on the ratio 
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between T; and A or B. The rate at which we must supply 
heat to A is evidently 

H, =a (06:— 64) + 6 (6:— 63), and similarly, the rate at 
which we must supply heat to B is 


Hy, =a (02 — 64) = a (0, — 83) 


The difference in these two rates of heat application reduces 
to 
Hy- Jel; c= (a + b) (0; — 0) 


That is, the relation between the difference in rates of heat 
application and the resulting difference in relative. temperature 
is dependent simply upon the sum of the rates per degree by 
which each body may lose heat by convection and conduction 
respectively, and is independent of the surrounding air tempera- 
ture and of the temperature 0; at which the terminal T may be 
maintained. In fact, the temperature 6; of terminal T might 
easily be so low that it would reduce the temperature of both 
A and B below the surrounding air 04.. In this event heat would 
enter A and B by convection from the surrounding air and both 
this heat as well as that generated within the bodies A and B 
(H, and H;) would then escape to T through the thermal shunts. 
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Discussion ON ‘‘ RATES AND Rate Maxine ” (LINCOLN), NEw 
YorxK, OcTOBER 8, 1915. 


William McClellan: I am interested in the theory of the 
maximum demand meter, and I hope Mr. Lincoln will pursue it, 
so that we can get a good type of maximum demand meter. It 
is needed, but the inference that it is universally needed is not in 
my opinion true. It is my firm belief that rates and rate-making 
are about ninety-five per cent commercial and about five per 
cent engineering. We must haveacertain amount of general in- 
formation along engineering lines to understand what a true rate 
should be, but our commercial men, who familiarize themselves 
with fundamental facts, are the men best qualified to make rates. 
_ The amountof engineering knowledge that they must have 
is very small indeed... It is true that anybody who starts out 
to make a rate soon learns that no matter how he expresses 
his rate, whether as a so-called flat rate, or the so-called 
Hopkinson rate, two charge or three charge; it all comes down 
in the end to the fact that you have three distinct charges to con- 
sider. First, because the manis on your line as a customer; second, 
a charge because he really forces you to keep a certain amount of 
equipment.on hand to supply him with a varying demand; and 
third, because, if he chooses.to take more and more energy, you . 
have got to make and supply it. 

Now, you will find if you analyze the conditions of supply, as 
some of us have done for many companies, that there is a 
comparatively small. number of customers in whose cases it is 
important that maximtim demand be accurately measured. 
I was going over the affairs of a company not long ago and found, 
for example, that ninety-five or ninety-six per cent of the cus- 
tomers took seventeen per cent of the energy that was given out. 
When you bring in diversity factors you find under analysis that 
there is a large number of customers to whom the customer 
charge is by all means the most important If you could 
be sure of getting the customer charge out of them you could 
almost afford to give them their energy for nothing, it is such a 
small part of the increased cost of keeping that customer on your 
line. 

Therefore, if you are going to give a maximum demand meter 
to every possible customer, as some people believe ought 
to be done, you are going to increase this customer charge 
which is so hard to get. The cost of the introduction of a 
new meter includes testing for accuracy. -Our public service 
commissions are requiring that all meters be kept within a 
certain accuracy. 

That .a good maximum demand meter is badly needed, one that 
is cheap, and needs very little maintenance, is unquestioned. 
There is a lot of work for such a meter to do. 

Now, the second feature is, that, after all, asa commercial 
matter, they are useless in many respects. I think you would be 
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surprised to know the number of people who complain because the 
bill this month is larger than the one last month. Now then, 
you are going to have them compare demands every month and 
ask you to come around and explain the maximum demand fea- 
ture. You can take thismaximum demand theory and separate 
your operating expenses and your investment, and work in your 
diversity factors, and so on, and finally arrive at just what you 
ought to charge a customer onthe basisof the figured profit. 
Then the first thing you meet is your municipal schedule for 
lights, where often you cannot, for a variety of reasons, get 
what you ought to charge. That disturbs a lot of things, 
because if you are going to get the total profit you ought to 
have, it is obvious that you have got to get it out of some 
other class of business. Moreover, the residents have to be 
considered as voters. That is the plain English of it. Per- 
haps you ought to get a 10-cent ora 12-cent maximum charge, 
but you cannot, and consequently your maximum demand 
feature is gone entirely. 

The inference that perhaps in rate-making we do need a maxi- 
mum demand meter for all customers in order to get a logical 

‘rate, I will grant as a technical matter and as a logical matter; 
but I say as a practical matter it is very questionable if we need 

- anything of the sort, except for those customers wherein maxi- 
mum demand is really a very serious factor, and for whom we 
can afford to install a meter and keep it in order. 

If your max mum demand meter is out a certain percentage 
and you are actually charging from $2 to $10 per kw. demand, 
depending entirely upon what kind of demand it is, you can 
imagine what a little mistake will make on a monthly biil, if you 
are dealing with a maximum of a certain type. All of those 
difficulties come in, so I am contending tonight that this matter 
of rate making is hardly an engineering matter. It is very much 
of a commercial matter, and I should be very sorry to see us go 
away with the idea that the ultimate end of all rate making is a 
maximum demand meter installed on the premises of every cus- 
tomer. 

Edward J. Cheney: For ordinary residence business, and for 
much of the commercial lighting and power business as well, 
we have not yet come to the point where we can make up a rate 
schedule sufficiently complete to take in all of the factors 
which theoretically enter into the cost of service. 

We necessarily have to neglect those which are less important, 
For the great bulk-of business, in numbers of consumers, not in 
total sales, the demand cost is considerably smaller than the 
consumer cost; but even if we assume that we do want to make a 
rate schedule that follows the theoretical cost curve, how much 
would we be helped by having a demand meter in ordinary 
residence installations? Will the demand that we measure be 
the demand that affects our production costs? Certainly 
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t, .if the peak on the station occurs during the: light- 
ine hours and, as we hope will soon be the case, consumers 
put in apparatus which at other times of the day for heating, 
cooking and power purposes will take more current than the 
lighting load. 

The maximum demand instrument would record that large 
block taken during the daytime, which we are glad to furnish 
the consumer without penalizing him It would not catch the 
demand put upon the peak at the time when it is really serious. 
This point becomes more important as the efficiency of light- 
ing goes up, so that, for lighting, the power required becomes 
less, while the use of electricity for other purposes increases. 

Then there is another thing. I do not see how we could 
expect to read such a meter oftener than once a month, and it 
would necessarily record the highest demand made during the 
month. Almost every consumer will at some one time during 
the month make a large use of his installation; there may be 
-a party at his house, but on that night the neighbors will be 
at his house and will use no current at their own houses. The 
station will not suffer by reason of that peak, and why should 
the man be penalized in his whole month’s bill because on the 
one night he used all of his lights for a little while, whereas the 
average for the month was not excessive? 

We have a good deal of trouble in justifying rates; I perhaps 
should not say in justifying them, but in making them seem 
reasonable to the consumers, and I am quite sure it would 
not seem reasonable to a consumer to have his whole monthly 
b ll fixed by what he happened to do for one even'ng. 

Philander Betts: The most complete study of rates that I 
have made was about two years ago in connection with the rates 
of a water company. To show the difficulty in trying to put 
in effect a logically and theoretically correct schedule, I would 
explain that the whole matter came up because of a complaint 
against minimum charges. The customers objected to pay- 
ment of a minimum charge, for which they received some- 
thing, and they certainly would not agree to pay a demand 
charge, for which they considered they received nothing. We 
recognized the correctness of the theory, of course, but the 
difficulty came in its application. 

Mr. McClellan has emphasized the idea that rate making, 
or at least the application of rates, is largely commercial. I 
take exception to that, to this extent: The application of the 
rates may be a commercial proposition, but I think the people 
who formulate the rates ought to be primarily engineers and 
understand costs. 

Some of the worst complaints that we have had to deal with 
in New Jersey have arisen because the rate schedules and their 
applications had been made up entirely by people who did not 
understand the costs, excepting from the commercial man’s 
standpoint. 
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I do agree with Mr. McClellan in this statement, that the 
greater proportion of customers use so little energy in total 
kw-hr. that the customer cost, that is, that part of the cost 
which is proportioned to the number of customers, is a very 
large proportion of the total cost of service. This being the 
case, we ought to be very careful how we increase that element 
of cost. 

The addition of another meter, or the use of a meter which 
costs more than the present meters, of course increases the cus- 
tomer cost. Anything that involves an increase in the cost of 
meter reading, recording, billing, and so on, increases the cost. 
Indirectly there is another increase. One of the things which 
takes considerable time in the commercial office, along about the 
10th of the month in almost every electric light office, is ex- 
plaining to numerous customers just what a bill means. If 
that bill is made out for a certain number of kilowatt-hours at 
a certain straight rate, say ten cents a kilowatt-hour, there is 
very little to be explained, except to explain to the customer. 
how it came that he used that number of kilowatt-hours. On 
the other hand, a rate that starts off by charging for the first 
certain number of kilowatt-hours, ten cents, and then eight 
cents for a certain number and so on--that kind of schedule 
certainly takes more of the time of the clerks in the commercial 
office, than the simpler form. 

When it comes down to the application to a great number of 
customers of a complicated schedule of rates, although theo- | 
retically correct, it is very difficulty to explain to the great 
majority just what it all means. 

I have been impressed with the necessity for one more thing 
in connection with getting the maximum demand, and that 
is to ascertain the time of its occurrence. 

To go back to the question of the proportion of the customers 
concerning whose maximum demand we ought to have knowl- 
edge, and in connection with whose bills we ought to apply a 
theoretically correct schedule, I would venture the opinion that 
it ought to be applied to all customers where the average 
monthly bill is say greater than five times the minimum charge. 
Now, I think that if that idea were taken as a basis for further 
investigation that it would be found it would pay to apply a 
better schedule of rates than we have, to those customers whose 
ordinary monthly bills under present conditions are more than 
five times the minimum charge, : 

What we need to know in connection with those customers 
to whom we ought to apply a schedule of rates which takes 
account of the maximum demand, is when the maximum -de- 
mand occurs with reference to the peak load on the plant. It 
is easily seen that, if the maximum demand of any customer 
occurs during the day time, even with a load curve exactly 
similar to that of another customer where the maximum de- 
mand occurs coincident with the lighting peak, we do not 
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need to apply the same demand charge. A customer who will 
use his service at times other than peak times, with many 
companies, gets a special consideration. A number of com- 
panies that I am familiar with have schedules under which the 
customers agree to disconnect their service absolutely during 
certain hours in the day, and certain months in the year. 

If we could have the time of the maximum demand properly 
shown, it would be a very simple matter then to apply to the 
demand charge a certain percentage representing the relation 
between the time of that maximum demand and the time of 
peak load on the plant. This would result in greater justice, 
and also in building up the business in a better way. We all 
know that these theories can easily be applied to large customers. 

I was speaking tonight with a representative of a company 
which supplies hardly any customers whose demands are under 
50 h.p., and in connection with that company probably every 
one of the customers pays enough to warrant the installation 
of a graphic meter. It is the customers whose bills range from 
$10 upward that we ought to cultivate in such a way as to in- 
duce them to use a larger number of kilowatt-hours at a time 
when the cost to the company is smaller. 

John W. Lieb: The general statement in the paper that it 
is important to know the load factor in order to formulate a 
proper rate for rendering an electric service, may be conceded. 
That it is necessary for the rate so formulated to contain the 
load factor as a stated element in the actual expression of the 
rate in order that it may be deemed logical, is to say the least, 
open to question. 

For instance, the fact that the charging of a storage battery 
requires under normal conditions some six or eight hours’ use 
of the capacity with a resulting fairly definite load factor would 
seem to lay a proper basis, outside of or in addition to other 
service conditions, for the establishment of aclass rate for that 
particular service; it does not follow, however, that the rate 
so established shall necessarily be expressed or stated in terms 
of that load factor; the mere statement that the rate is for the 
charging of storage batteries affords a reasonable and proper 
classification based on the essential character of that class of 
service, and the load factor may, therefore, be properly assumed 
as implied in the class rate without specific expression. 

This is the case with many of the class rates of electric com- 
panies, where, in the calculations on which the class rates may 
be based, a certain average load factor is assumed as applicable 
to the class, but once the classification has been established, 
the load factor thereupon disappears as a numerical value or 
active factor. In such cases it may be useful and desirable, 
or even important, to know the maximum demand (from which 
the load factor may be calculated) but it is not necessary that 
the demand be known and used as a factor for each individual 
consumer in order that the rate to him may be logical or proper. 
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It may be true that the individual case may depart some- 
what from the average assumed for the class as a whole, but such 
a variation should no more invalidate the general basis of the 
rate than the case where withidentical annual load factors one 
consumer uses all of his current in two or three months, 
while another spreads his demand uniformly over the whole 
year. 

While we know that in the operation of our street car systems 
the length of the ride has at least as great an effect on the cost 
of transporting passengers as the load factor may have on the 
cost of serving an electric lighting customer, yet we prefer in 
the former case to base our rate of fare fundamentally on the 
cost of the average length of ride of all passengers and not in- 
dividually on the length of haul of each passenger. On this 
basis we shall soon be enjoying in this city a ride all the way from 
Coney Island to Mt. Vernon, a distance of about twenty-five 
miles, for the single universal faré of a nickel. The force of 
this may perhaps be better appreciated when we point out that 
it is generally understood that in this city any passenger who 
travels over 4 to 44 miles is carried at a loss. So in our rate 
making, even though the basis may not be theoretically perfect, 
it makes for simplicity to base our classifications on average 
group conditions of load factor, diversity factor, etc., and not 
on the characteristics of each individual customer, thereby 
avoiding serious complications in the formulation of the rate 
and in the method of the practical application to the individual 
case. 

The author suggests that the change in the character of the 
residential load, brought about by the use of heating and cook- 
ing appliances, may involve a modification in the rate scale for 
residences. This may be perfectly true, but it by no means 
follows that the solution lies in the addition to the service 
equipment of a maximum demand meter. In fact, I believe 
quite the opposite is the case. A much more obvious solution 
is found in the establishment, where desirable, of a low second- 
ary or tertiary rate, such as is used by the “point 5” group in 
England, where all current in excess of a certain quantity is 
sold at a ha’penny per unit, to make it attractive for heating 
and cooking purposes. 

The use of the maximum demand alone as a factor in the rate 
does not by any means make it theoretically perfect, for the 
time at which the demand occurs may be of even more im- 
portance than the amount of the demand, as far as the cost 
of rendering the service is concerned. 

I beg to disagree with the author in the statements to the 
effect: ‘‘In order to render to a customer a logical bill for 
electrical service, there is required more information than is 
given by a watt-hour meter, ” and again, “ There is no better 
evidence of this than the fact that rates based on the kilo tt- 
hour alone are becoming more and more scarce.” 1 ho 
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opinion, the author has not, in any facts he has given us, laid 
the basis for either of these conclusions. 

For us to agree with the author’s contentions that residential 
rates which consider as an element in computing the rates the 
number of rooms illuminated, or their character, or their area, 
or the cubic contents of the space illuminated, or the number 
of outlets, results as the author says, “‘in a more just rate than 
the use of kilowatt-hours alone,’ requires something more 
than the bare statement of the author’s opinion to that effect. 

Much may be said of the theoretical imperfection of the kw- 
hr. rate, treated rather cavalierly by the author, but it has one 
appealing, outstanding advantage of the utmost value in the 
actual conduct of the electric lighting business, and that is its 
understandable simplicity. 

Now, we must admit that the maximum demand meter is 
a very useful instrument indeed, and capable, with advantage, 
of a wide use,—a much broader application, no doubt, than 
it has heretofore received,—but the proper field of its applica- 
tion can hardly be the class of residential consumers to which 
the author has devoted so much of his attention. 

Many of these are served now at a loss under any practicable 
rate, and very many of them—in fact, the vast majority of them— 
are served at relatively low maximum rates, for which there is 
such an insistent demand from the public, but which entail a 
direct loss to the supplying company. 

A few years ago a tabulation was made, by one of the largest 
companies, having at the time approximately 100,000 customers 
of all classes on its books, of the revenue derived from various 
groups of customers. It was found that 10,000 customers 
received bills averaging less than 65 cents a month; 28,000 
customers received bills averaging less than $1.50 a month 
and 40,000 customers, or 40 per cent of all the customers served by 
the company, received bills averaging less than $2.50 a month. 

To add another service instrument, in addition to the stand- 
ard watt-hour meter, with its added incidental fixed charges 
and further maintenance, repairs, indexing, etc., does not appear 
to me to be a forward step in the direction of solving this problem. 
When we add the additional complications resulting from its 
use as a factor in the rate, in making out the bill and then in 
the customer’s understanding of it all, it would appear that some 
simpler solution must be found—admitting the insufficiency of 
our present residential rate systems—than the application of 
the device for which the author has furnished us an interesting 
theoretical study. 

What we need in our rate making is greater simplic ty, not 
additional complication; lessened, not increased, cost of con- 
* necting each new customer; and a reduced, not an augmented, 

called ‘‘customer cost’, in order that it may be practicable to 
ower our maximum rates gradually without increasing our losses 
from the residential class of business, so that we may extend the 
advantages of this beneficent agent of civilization. 
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H. G. Stott: I believe the fundamental basis of all rates is the 
cost of making the article. It does not matter what we add on 
to it later, the fundamental basis must be the cost. 

The cost of making power is perhaps one of the most complex 
subjects of which we can take hold. Just take for instance dur- 
ing the hours of the day, early in the morning there is probably 
only about six or eight per cent of the plant doing useful work. 
If we applied the real cost of furnishing power to an all-night 
customer, we would probably have a charge of a dollar a kw-hr., 
if we spread it over fixed charges. However, that is entirely 
impractical, so that we must start off with averaging the cost at 
least for twenty-four hours; then averaging the cost over a longer 
period, as we cannot render bills each day; then averaging for 
each customer; then adapting the average to all customers of the 
same type, so that the monthly bill in itself becomes the bill of a 
large number, and furnishes the average cost as at present given. 

I do not think that Mr. Lincoln really meant in his paper to 
apply the maximum demand indicator to small customers, such 
as those who receive power for lighting houses; but it seems 
to me that we can classify it just about the same as Mr. Lieb 
did the subway. You go a certain distance at a flat rate 
of a nickel; but I have yet to hear of the trolley company 
that is ready to take me to Buffalo, or San Francisco, or any 
other place. There you get into the wholesale business. 1 
think we will find those two classes dist.nct, the retail and the 
wholesale. We are pretty thoroughly familiar with the retail. 
The wholesale customer must be treated independently of the 
retail customer. There,I think, is a very distinct field for the 
meter described by Mr. Lincoln. 

The cost of power, as you know, is a very complex subject. 
It is made up of what we might call, first, operating charges, 
which follow approximately a flat line, or a very level curve. 
For short periods of time, such as one hour, the fixed charges 
are perhaps three or four times greater than the operating charges. 
As the time goes on and as the load factor becomes greater, 
or nearer one hundred per cent, the fixed charges become rela- 
tively negligible, whereas the operating expenses are really the 
important sum. 

Itis quite obviousthat we must, at least for wholesale customers, 
have some means of determining maximum charge. I therefore 
feel that there is a very distinct field, a legitimate one, based 
upon the real cost of power, for such a system for wholesale 
customers. E 

C. I. Hall: I believe that discussion of the various functions 
of the instrument will be illuminative. Mr. Lincoln’s very clear 
and concise discussion of the proposed device has led me to the 
belief that he has possibly overlooked the basic principle of a 
demand indicator, which is now safely established as a commer- 
cial product. 

He makes the statement: ‘‘ Other indicators of the same general 


1915} DISCUSSION AT NEW YORK 2327 


type of Wright’s have been recently announced, but not enough 
experience has yet been obtained with them to determine their 
general sufficiency.” 

The Type H demand indicator is a differential thermometer 
constructed primarily as a lagged indicating ammeter, but cap- 
able of wide modification in its application and use. There is 
no new element in the idea of a differential thermometric principle 
used as a measuring device, but the point of novelty in the Type 
H demand indicator lies entirely inits time deflection curve and 
the method of obtaining suchacurve. As pointed out. so clearly 
in the paper under discussion, the characteristics of the Wright 
demand indicator are not of the highest order obtainable; that 
is, the rate of deflection in the first few minutes of load is extremely 
rapid, while that during the remainder of the time interval 
is slow. The problem before the designer was, therefore, to 
construct a device which would approach as nearly as possible 
the straight line characteristic which Mr. Lincoln has pointed out 
as being ideal. 


Fic. 1—CoMPARISON OF CURVE oF Type H AND LOGARITHMIC AVER- 
AGE CURVE 


The first experimental device constructed depended entirely 
upon the principle of thermal storage; that is, the measuring 
element was heated not directly by the heating element, but 
indirectly through a thermal storage volume practically propor- 
tional to the time interval desired. It was found that this cor- 
rected the curve to a large extent, but that it still was rather far 
from the ideal desired. The curve obtained was what Mr. Lin- 
coln has so aptly christened the “‘ logarithmic average.” 

Further development led to the adoption of a second thermal 
principal, that of heat flow along conductors, which has very 
materially assisted in obtaining the desirable time constant in- 
herent in the Type H as manufactured today. Instead of allow- 
ing all of the heat developed by the flow of energy to act upon the 
entire measuring element, this device through the use of a spiral 
thermostatic spring gives a lower deflection during the early part 
of the time interval than would the uncompensated device. 

Fig. 1 shows the characteristics of the three indicators. I 
have shown in the curve labeled ‘‘ Wright ” the characteristic 
curve that you are all probably familiar with, the Wright demand 
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indicator, which is uncompensated. I have drawn in the inter- 
mediate curve the logarithmic average, so christened by Mr. 
Lincoln, taken from one of the curves given in the paper; and, 
third, the characteristic curve of the Type H demand indicator. 
As I stated before, the characteristic of the Type H, without a 
heat flow compensation, would be coincident with the logarithmic 
average curve, but due to the fact that that does not approach 
very closely to the desired straight line characteristic, an addi- 
tional compensation was introduced, which, as you see, did im- 
prove rather materially the form of curve obtained. I should 
like to illustrate rather carefully the use of the heat flow idea 
which was employed in con- ; 
nection with the Type H. A B b 

Fig. 2 illustrates one of the 
operating elements of the 
Type H demand ‘indicator, 
consisting of the spiral ther- 
mostatic spring A, the stud 
B, which mounts the thermo- 
static spring and the heating 
element, and the heating 
element itself, C. 

It will be noted that heat 
generated within the heating 
element C must be transferred 
from the element to the stud 
B and thence to the spring A. 
It will also be noted that the 
spring A i; connected to the 
stud at one point only—the 
innermost. The additional 
compensation, that is, a com- 
pensation additional to the 
thermal storage idea, is ob- 
_ tained by the construction Fic. 2 
as illustrated. As the tem- 
perature of the stud B gradually rises, on account of the 
current flow, the temperature of the inner end of the thermo- 
static spring increases, thus creating a temperature gradient 
from the point a to the point f. Such difference of thermal po- 
tential causes heat to flow in the conductor from A around the 
spiral toward the other end of the spring. If the spring is so 
proportioned in length, section and ratio of radiating area to 
volume that the increase of temperature reaches the point } in the 
first five minutes, c in 10 minutes, d in 15 minutes, etc., then at 
the end of 30 minutes the entire thermostatic spring will be 
increased to its maximum temperature. With such a condition 
it is obvious that the deflection of the thermostatic spring during 
the first five minutes when approximately 4 of the thermostatic 
metal has been subjected to the increased temperature, will be 
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materially less than it would have been if the entire thermostatic 
spring had been heated up to the temperature of the section from 
atob. It is thus obvious that the time deflection curve of the 
Type H must at all points lie below the curve of a device using 
heat storage alone, and, therefore, must approach more nearly a 
straight line, as illustrated in Fig. 1. 

I was particularly interested in the cause to which is ascribed 
the unreliability of the indication of the Wright demand indi- 
cator; that is, the varying sizes and thermal capacities of the 
leads, with which the device is connected in circuit. In order to 
test out this possible variation in connection with the Type H 
demand indicator, a test was made, using first No. 14 rubber- 
covered wire, and, second, }-inch bare copper rod, which I 
believe is the extreme in possible connecting wires. Under such 
conditions, a variation of slightly less than one per cent was ob- 
tained. 

I wish also to point out that perhaps Mr. Lincoln has over- 
looked one other point, the change in the volume of the measuring 
liquid within the Wright demand meter. I believe that careful in- 
vestigation will show that a very large portion of the unreliability 
that he speaks of is caused by a change in the volume of the meas- 
uring liquid rather than “n the variable thermal conductivity 
of the leads whi h connect the Wr ght demand meter in circuit. 

Mr. Linco!n has called attention to what he consider an in- 
heren defect in demand indicators operating upon a definite 
time interval basis. He has presupposed a very heavy demand 
made upon the service exactly at the mid-point between two 
demand periods and ceasing at the mid-point between the next 
two demand periods. This, of course, must be considered as a 
very special condition and not u-ual on the type of loads on which 
d mand indicators are employed. However, granting such a 
possibility, I still cannot agree that this is an inherent defect. 
There is, of course, one demand of the month which is the extreme 
maximum, but there are alo a great many more which are 
substantially the same. It has been granted by rate experts 
that what they w'sh o de ermine in the demand measurement is 
the average conditions, and although the device may not record . 
the extreme maximum, it will give arecord substantially equiva- 
lent to this and perhaps form a better basis of billing as beng 
more rep esentative of the average value. 

The eare, 0 cou- e, sp2cia’ conditions under wh’ch prac.ically 
any exisiing orm of demand ind’ca or will not give a correct 
ind cation, and under such conditions it i: obvious that a demand 
ndicator operating upon a principle whch does not make it 
appl cable to that oad condition should no be used. 

In this connection, i m gh be well to point out what I consider 
a very much more erious defect in a dev:ce ment oned by Mr. 
Lincoln in the following wo ds:‘‘ Inst 1 another ype, the time 
of response of an indicating wattmeter of the usual induction 
type is delayed and regulated by an associated integrating watt- 
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meter. This type gives greater promise than anything hereto- 
fore suggested.” 

There are two load conditions under which the operation of 
the device mentioned is extremely erratic, in one case giving prac- 
tically no indication and in the other case giv'ng a demand higher 
than the average In order to illustrate the effect of such condi- 
tions, I have assumed the load which gives the maximum poss’ble 
error. First, a load which is thrown upon the c’rcuit from 10 
seconds to one minute, is off for approximately the same t’me, 
and aga'n comes on, repeat ng itse’f indefin tely. This would be 
a characteristic load of a rol'ing mill, an electric welder, hoist, 
elevator, etc. 

Due to the fact that only the advance of the pointer of the 
device mentioned is retarded by the watt-hour meter, (the return 
from an indication to 0 being instantaneous), the action of the 
pointer would be to rise slightly during the low portion, return 
to 0, rise slightly in the next load portion, and so on. It is 
obvious that under this condition practica ly nc demand will be 
indicated, while the true average should be approximately one, 
half the instantaneous maximum. 

The second condition may be shown more clearly by a load of 
constant value imposed for the time interval, (so that the pointer 
arrives at its final setting), and then a doubling of that load for 
one-half the time interval. Under such conditions, the device 
will indicate the full load imposed in one-half the time interval. 
Broadly stated, then, the time interval is a variable amount, 
depending upon the previous history of the load. In the case 
cited above, the time interval error is of course exaggerated, but 
the fact remains that upon variable loads of any sort the t'me 
interval will be proportionately variable. Because of the two 
conditions, one of extreme under-registration, and the other of 
over-registration, I feel that Mr. Lincoln’s statement, ‘‘and the 
device gives greater promise than anything heretofore suggested,” 
is subject to further consideration. ; 

Mr. Lincoln points out that one of the undesirable features of 
the Wright demand indicator lies in the use of liquids and glass 
tubes. It seems to me that in the device in which he proposes 
using copper bellows and kerosene he ha: not approached more 
closely a commercially practicable device 

I am rather confused by the stress laid upon the fact that the 
proposed device records directly in kilowatts when taken in 
combination with the statement, ‘‘ another point in favor of the 
‘ logarithmic average’ is that the heating of generators, cables, 
transformers and other electrical apparatus follows closely the 
same kind of law. Therefore, when we are approaching the 
limit due to heating, a ‘‘ demand based ona logarithmic average is 
much more logical than one based on the commonly accepted 
form of average.”’ 

I should like to point out that at the present time the heating 
of generators, cables, transformers, and other electrical apparatus 
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is not proportional to kilowatts, but substantially proportional 
to the second power of the current. If the statement quoted, 
there ore, is correct, it would appear that an ampere record 
would be more desirable than one in kilowatts. 

The description of characteristics of the proposed demand 
indicator have been confined entirely to its ascending curves, 
and no mention has been made of the form of the descending 
curves. This, I wish to point out, is practically as important 
as the ascending when variable loads are considered, as the 
final indication of the device depends not only upon the rate 
of advance, but upon the rate of return upon a reduction of load. 

J. B. Taylor: Personally, I feel that the expression “a theo- 
retically correct rate,’’ which is often used and has been used a 
number of times this evening, is beyond the conception of any 
commercial man or any engineer. To take one thing like the 
maximum demand as disclosing all that need be known for the 
equitable and graded rendering of bills, is, to say the least, 
absurd; because the time at which it occurs, the power factor, 
the position of the customer on the line, the position of the cus- 
tomer with relation to other customers, the relation of the load 
to the size of transformer, the drop in leads, relative position 
to the load center, etc., are truly some of the factors which 
cannot be neglected if one is concerned with making what he 
conceives to be a ‘‘theoretically correct”? rate. The result of 
some endeavors to establish a theoretically correct rate based on 
one or two of what may seem to be the more obvious factors out- 
side of the definite flat rate, would seem often to curtail the use 
of the very products which the whole enterprise is established 
to sell. 

The maximum demand indicator is a desirable device for de- 
termining whether an individual customer is overloading his 
transformers, meters or wires, but unless the small customer 
has a possible demand so great that it may cause damage, why 
should, he be discouraged from using all the power available? 
If the system is capable of delivering only 3000 or 4000 kw. and 
a single customer comes on with a demand for a thousand or 
so, he is in a peculiar position as regards the plant as a whole, 
amd special rates may properly be devised for him; but with three 
or four thousand small customers it is hard to see how any one of 
these, taking ten, twenty or even a hundred times his normal 
load, can do other than swell the receipts of the company. That 
makes it difficult to see why so much stress is laid upon the maxi- 
mum demand of the customer who, to repeat, is so small that, 
singly, his load and overload cannot be felt at the central station. 
It would be different if all these small customers made their 
maximum demand on the same day and at the peak hour; but 
the law of probability takes care of this. It is inconsistent for 
a lighting company to make a rate which gives a lower price 
per kilowatt-hour after a certain number of kilowatt-hours have 
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been used in the month, and then expect to put on the maximum 
demand indicator, with an excess rate, if this greater amount 
of current which apparently they desire to sell is used on two 
or three special occasions. 

William McClellan: Constant reference has been made to 
the fact that it is important to know the time of the load curve 
at which the maximum demand occurs. Of course, I agree with 
that, but there is one point that I think is being overlooked: 
When you are talking that way you are talking entirely on a 
so-called cost theory. I do not think it can be assumed that 
the value of service theory has entirely disappeared from our 
rate making. As a matter of fact, the man who makes a kilo- 
watt demand ought to be expected to pay just as much for it 
whether he takes it on or off the peak, although it is true that 
if he increases that peak he increases your total cost of rendering 
service. There is such a thing as a value of service theory, that 
I do not think is entirely apart from rate making. One of the 
hardest things we have to do in reference to these complex 
rates, is to make a man understand why if some other consumer 
just keeps off the peak he can get a lower rate. We explain 
to him very carefully that it is being off peak. that reduces his 
service bill; but he looks at it from the point of view of the value 
of service. He says, ‘“‘I get a kilowatt; so does he. He makes 
use of it, so do I. It is not of more use to either one of us than 
to the other.” As a matter of fact we do not do much of that, 
except to those that we cannot get in any other way. Of course 
that lower rate is an inducement to get everybody to work off 
peak. Then often you cannot get your city arc lighting contract 
except by surrendering something; your wholesale rate for resi- 
dences may be way down and then you may have a great big 
competitive block that you cannot get in any other way than 
making a rate which will induce a man to cut out his steam 
engine. Those cases are absolutely fixed; while in - every 
community there is a number of consumers to whom service 
is extremely valuable. As you must have a certain” total 
revenue in order to stay in business, it is not hard to see who is 
going to pay the bill on the value of service theory.. That is 
a distinction that has got to be taken into consideration, and 
I think after all is a fundamental reason why we cannot adhere 
to cost theories of making rates. We must get a set of rates 
upon which we can do business and live. 

H. W. Peck: For years central station men in their commer- 
cial discussions of rate making have besought the manufacturers 
to develop a good maximum demand meter. We have not told 
them or indicated that we wanted such a meter for every cus- 
tomer upon our lines, but we have undoubtedly wanted such 
a meter. 

I simply want to indicate that we still want such a meter, 
and I hope that Mr. Lincoln will continue the development 
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of his meter and that Mr. Hall will give us further in- 
formation regarding the Type H meter, and that other good 
meters will be presented and developed for our use. We want 
them perhaps for fifteen or twenty-five per cent of our customers, 
and not for the seventy-five per cent of our residence customers. 

Harold Goodwin, Jr.: In Mr. Lincoln’s paper the statement 
is made: ‘‘It may be shown that this device constitutes a 
true thermal wattmeter and that its indications are always 
proportional to watts, whether the circuit is direct current or 
alternating current.”’ 

The statement as to direct current on a device employing a 
transformer does not appear exactly rational. It would ap- 
parently be necessary to introduce a rotating device if direct 
current were used. 

I suppose that the error is probably in the statement “ that 
this device ’’; the theory holds rather than the device. 

Walter N. Polakov: The influence of the demand rate and 
other corrections to the common kw-hr. measurement of power 
consumption is but a small portion of the problem of rate making. 

While itisofimportanceto know what is the maximum de- 
mand, load, power factor, etc., of each particular consumer, 
this does not represent what capacity of central station equip- 
ment shall be reserved for this particular customer. The diver- 
sity factor makes the maximum demand imposed on the central 
station only a fraction of the arithmetical sum of maximum 
demands of all its customers. In my opinion it is the duty of 
the new business or commercial department to find out how to 
reach such classes of customers as to keep the station load uni- 
form and load factor high. 

If this problem is properly solved, and Mr. Lincoln’s 
instrument does not help its solution, the portion of idle (spare) 
equipment in the plant is materially reduced and expenses of not 
operating this portion of the plant will be turned into dividend- 
making investment. 

Three elements constituting the basis for the determination of 
rates for various classes of customers are: 


1—cost of current 
2—cost of delivery of the current 
3—cost of other services required. 


It is quite evident that no demand indicator could throw any 
light on the correct determination of the value of the three last 
elements of the rates. 

I fail to see why the consumers should be penalized for the 
company’s inability or neglect to secure for the power plant more 
uniform load, balancing up the individual peaks. Neither do I 
see sufficient reason why the rate maker should neglect the sec- 
ond element, the charge for the use of equipment through which 
the given customer is served. Those served through under- 
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ground conduits should have a higher rate than those fed directly 
from overhead high-tension transmission. Similarly, the maxi- 
mum rate of demand determining capacities of feeders and trans- 
formers assigned to a certain customer should affect only this part 
of the total rate. On the other hand, the third element of rate, 
namely, prorated general business expenses such as supervision, 
meter reading, billing, etc., remains practically constant per 
customer’ whether his peaks are heavy or not, whether his bill 
is 35-cents or $35.00 per month. 

In other words, demand indicators or any modification of this 
class of instruments, neither make the reason for certain charges 
clearer to the customer, nor do they affect the most important 
part of service cost. The fact that many researches are being 
made in this direction indicate, to my mind, aneed not foran 
instrument but for a revision of prevalent methods of rate 
making. 

T. I. Jones: In any analysis of the proper form of rates in 
connection with the cost of supplying electric service, it must be 
borne in mind that the principal object of all rates is to get the 
business—I may add, to get the business at a profit—and 
any form of rate, be it ever so exact from a theoretical standpoint, 
that is not conducive to this end, fails of its purpose. 

Rates, to be satisfactory, must be simple, easily understood 
and comprehensible to the layman, who knows little or nothing 
about the technical side of the question. Particularly is this 
true of the smaller customer. 

Mr. Lincoln, in his paper, states: ‘‘ When the central station 
supplies electric service to a private residence, it is justified 
in establishing a rate for that service which is based upon a 
reasonably accurate knowledge of the average load factor that 
will obtain therein.”’ 

Now, as a matter of fact, if we come to consider and analyze 
the cost of service to the average private residence or apartment, 
we will find that load factor is one of the least important items 
of cost. When you consider that there are in one company which 
I have in mind, over 20,000 residence customers whose monthly 
pills are less than $1.00 per month each, you wil. realize what I 
mean. 

As a matter of fact, perhaps the greatest element of cost to 
the average residence customer is what we may term the cus- 
tomer’s charge—the cost of service, reading the meter, the making 
of bills, and the auditing and collection of accounts. Before the 
supply of current at all, these items make up a part of the fixed 
charge of a customer’s service, which in all of the smaller resj- 
dences form the greater part of the cost of the supplying com- 
pany. 

The kw-hr. charge, too, is in such cases almost a minor element 
in the total cost of service. Especially is this true when one 
appreciates the type of lamps now used with residence bills of 
$1.00 and less and then considers what these bills will be as he 
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efficiency of lamps is improved upon. The kw-hr. consumption, 
then, will become less and less, and those companies who have not 
a minimum guarantee or a customer’s charge aside from the 
matter of kw-hr. consumption, will find the number of unprofit- 
able customers increasing at an alarming rate. 

Then, too, the private residence consumer, who is now 
using more and more heating and cooking apparatus, oft times 
in the greater majority of cases, will use this apparatus 
at a time when it is very much off of the peak of the central 
station. Should he be penalized then by a rate which would 
measure his demand on the off-peak use of such a device? 

Mr. Lincoln also states: ‘‘ The modern rate-maker has long 
since recognized the fact that the information given by the simple 
watt-hour meter is not sufficient to enable him to render a logical 
bill and by some makeshift he has endeavored to take the maxi- 
mum demand into account without directly measuring it.”’ 

It is quite true that the mere kilowatt-hour charge of the cus- 
tomer, as before pointed out, is not all thatshould beincluded inthe 
logical bill, but as a matter of fact, neither is the maximum de- 
mand with the kw-hr. rate sufficient in the large majority of 
cases of residence customers. So where the maximum demand 
is as unimportant as it is in residence service, why go to the ex 
pense of measuring it when for all intents and purposes it can be 
estimated satisfactorily in its own unimportant role? 

What Mr. Lincoln has to say on the general subject of measur- 
ing of maximum demand applies more generally 0 the commer- 
cial customer, wherein the time of maximum demand is unim- 
portant, but we soon come to another customer in the question 
of the consideration of the use of the maximum demand meter. 

Many companies base their rates for selling power on various 
widths of maximum demand. It must, of course, be considered 
that a maximum demand having a time interval of thirty minutes 
would be materially different from a maximum demand having a 
time interval of fifteen minutes, and any device which is con- 
structed on a basis of definite time interval must give considera- 
tion to whether or not the time interval is such as the company 
using such a device has already adopted in its maximum demand 
rate schedule. 

“On business of excessive demands on the system, such as in 
hoisting or intermittent loads, a demand interval of five minutes 
is not excessive, while on the average even running of a central 
station business five minutes would be much too small. On 
railroad work the generally conceded width of maximum demand 
is one hour. These are things that must be considered in the 
use of a maximum demand indicator. 

Then, too, in many of our largest industries the labor schedule 
may be so arranged as to bring the maximum demand of the 
power used, off of the central station peak. Here the time at 
which the demand occurs is an important factor, and this element 
must be considered in making what is known to the central 
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station manager as an off-peak rate. In fact some of the largest 
business of the central stations today is based upon rates wherein 
the demand is far removed from the demand of the central 
station. In such cases the demand charge is materially reduced 
in the customer’s bill. 

There is, however, need, and a vital need, for a first class maxi- 
mum demand indicator, cheap, compact and accurate, and any 
study along those lines will be welcomed by the central station 
industry as a whole. 

A. W. Burke: The commercial men would like to have a rate 
based on the maximum demand of load factor curve and then 
like to interpret that rate and administer it to satisfy themselves 
in order to get the business; and I quite agree with them, that is 
what you have got to do to get the business. 

The question of a maximum demand came up recently, and it 
was finally decided that we should have a maximum demand 
contract. After a lot of work a maximum demand contract was 
prepared. It was based on the hour’s use of the connected 
load, and all the other things that go into it. When we came to 
apply that contract we found a certain number of people were 
willing to accept it. Others were not, because they were not 
sure that this maximum demand charge was just. Difficulties 
arose when it came to the question of obtaining a satisfactory 
maximum demand meter. I found that they had maximum 
demand meters abroad, but had got tired of them and had 
adopted a new device which they had termed the excess watt-hour 
meter. This is a sort of compromise, or you might call it a 
substitute for the maximum demand meter. Instead of selling 
you at your actual maximum demand, they will contract to sell 
you so much power. For instance, we will say 10 kw., and you 
will have a sliding scale covering all the power you can use with- 
out exceeding 10 kw. demand. For all the power that you use in 
excess you will have another rate. The excess watt-hour meter 
is the instrument which determines between the amount of 
power taken at the lower rate of consumption and the amount 
of power taken at the greater rate. At that time such instru- 
ments were not available in this country. I wished to try the 
scheme and see if there was anything in it. We have done SO, 
and have been successfully working such an instrument of ‘a 
makeshift design, for the last year. If a customer does not want 
us to put a maximum demand meter in, we will sell them on an 
excess basis, and we find that the majority of them want to buy 
on an excess basis. 

We find from the actual results in placing the demand meter 
alongside the excess meter that we have arrived at practically 
the same thing, and we have got a customer that understands his 
rates. He understands that if he keeps below the fixed maximum 
he will have a very low rate, but for every second that he exceeds 
that amount he is paying a penalty. 

Such a rate has been successful in Europe. There were, just 
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before the war, five manufacturing companies making these 
meters, which would indicate it might be a satisfactory compro- 
mise. We have found it to be a successful means of dealing with 
the maximum demand question. 

F. T. Leilich (by letter): On the assumption that the loss of 
heat from a mass follows a straight line law, which as pointed 
out is practically true for relatively small temperature elevation, 
Mr. Lincoln writes the following equation (Appendix 1): 


SET, dt = SE@ dt + M dé (1) 
This may he written: 
SET, = SE@ + M d6/dt (2) 


It is interesting to note that this equation is similar to and of the 
same form (linear differential equation) as the well-known 
equation for the e. m. f. applied to a circuit containing resistance, 
R, and inductance, L; that is: 


E=Ri+Ldi/d (3) 


(2) and (8) are readily solved by separating the variables and 
integrating. As 0 = 0 when ¢ = 0, the constant of integration 
of (2) is determined and the solution found to be: 


OER (4) 
The solution of (8) is: 
i= E/R (1 = e") (5) 
The rate of increase of the current of (5) is di/dt, and 
dtfdh =. fh tere) (6) 


When t¢ = 0 di/dt = E/L which is the initial rate of increase of 
the current. If the current continued to increase at this rate 
the time to attain its final value, E/R, would be; ¢ = E/R 
+ E/L = L/R. Substituting L/R for ¢ in (5) we find; = 
632 E/R, that is, 63.2 per cent of the final value. The value of 
L/R, the time constant of the electric circuit corresponds to 
M/SE, which may be termed the thermal constant of the mass 
under consideration. Just as the time constant of the electric 
circuit may be changed by altering the value of L or Rso may the 
thermal constant, or the time for a mass to reach 63.2 per cent 
of its final temperature, be changed by varying M or SE: 

R. S. Hale (by letter): Mr. Lincoln’s paper does not take up 
the questions that are of chief interest in modern rate making. 

In determining the proper rate to be made to give a supply 
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of electricity to different classes at the lowest prices, each rate 
must first include those costs which would be saved if that supply 
were not given, this being, in the case of electricity, the bare 
cost of production; that is, most of the coal and some of the labor 
for producing the kilowatt-hours, which would be saved if the 
particular supply were not given, and also interest and other 
fixed charges on such investment as would actually be saved if 
the particular supply were not given. 

These costs are what are known as the increment costs and 
must of course be included in the rate whenever they are neces- 
sarily involved in the supply, but not otherwise. 

Sometimes, as when two customers or rather when two classes 
of customers use the same investment at different times, there 
would be no saving in investment if the supply to one of these 
classes were given up: or in other words, the increment cost is 
entirely independent of the demand of either of these customers. 

In addition to the increment costs which can and must be 
assigned to each class, there are in any company a large amount of 
unassignable costs, that is, costs which cannot be assigned or 
allotted to any particular class of customers or portion of the 
supply because they will not be reduced when any single class of 
customers is not supplied. 

The best example of this is the organization cost, as an ex- 
pense which will not be increased afterwards no matter what 
classes of customers are taken on. If any new class of cus- 
tomers will pay any portion, no matter how small, of this expense, 
the amount that has to be collected from the other customers is 
thereby reduced. 

A similar expense would be the cost of poles, which cost 
would be the same (up to a certain limit) no matter whether 
much or little electricity is supplied over the wires that are 
carried by these poles, so that it cannot be assigned to any 
particular portion of the electricity, either in whole or in part, 
though of course this cost must be paid by some one. 

The chief question in making electric rates is to divide up 
these unassignable costs so as to have the plant used most 
efficiently, and so that the rates for each class shall be as low 
as possible while still getting a fair return and no more than 
a fair return from the whole business. These unassignable 
costs may be divided among the business in various ways, one 
of which is in proportion to the demand. 

The actual electrical demand and electrical load factor, while 
important in some cases, are only a part of the factors that 
enter into the question of making rates, because there are so 
many cases where the best and lowest rates are entirely inde- 
pendent of the electrical demand of the customer. 

The first question is whether to use the actual electrical load 
factor as measured in different ways, or whether to use some 
other feature, as by making class rates or by using the number 
of rooms in a house or the connected load, etc. When it has 
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been decided for some cases to use the electrical demand, the 
question of which demand, that is, the minute or hour demand 
or the average of several readings, is of the next importance; 
and when this has been decided, the question of an instrument 
to measure it exactly, comes in. 

Mr. Lincoln’s instrument will undoubtedly be very valuable 
when the demand has to be determined, but I feel it necessary 
to bring out the fact that in many cases there is no call for 
determining demand in order to make the best and lowest rates. 

E. J. Blake (by letter): Inthe discussion of Mr. Lincoln’s 
paper much stress was laid on the commercial necessities of 
rate making, and particularly on the necessity for simplicity of 
rates. It seems to the writer that a matter of fully as great 
commercial importance was overlooked, namely, the value of low 
rates per kilowatt-hour. 

It is fair to assume that any added charges for demand, or 
customer expense, would be offset by a coiresponding decrease 
in the kilowatt-hour rate; and the remarks of several gentlemen 
make it evident that this reduction could be very radical if 
the added charges were sufficient to cover the costs that they 
represent. Possibly something of the order of one cent would 
cover the added cost to the supply company for each kilowatt- 
hour consumed. A rate of anything like this amount, even 
though accompanied by a comparatively large service charge, 
ought to bring about a very marked increase in power sales and 
in load factors. It would tend to prolong the lighting hours 
and to increase the use of power for other purposes. For 
example, it would greatly change the economic status of electric 
refrigerators, and perhaps expand the field of electric cooking 
beyond the chafing dish and percolator to the every-day work 
of the kitchen. 

As regards simplicity, the composite rate is not necessarily 
so impractical as some of the gentlemen would lead us to believe. 
The fact is that many of the rate schedules now in use are in 
reality veiled composite rates, in by no means the simplest 
possible form. For example, a stepped rate of ten, nine and 
eight cents according to the energy used, with a minimum charge 
of one dollar a month, is not easier to figure or to comprehend 
than a service charge of a dollar and a half with an added charge 
for energy at a uniform rate of two cents. In the latter case 
the service charge should include the customer expense and de- 
mand expense for the average small user. The addition of a 
demand charge for loads exceeding a fixed minimum would 
make the same schedule applicable to a considerable part of 
the larger users. It would add nothing to the expense of hand- 
ling the small customers because the supply company would 
measure the demand only in those cases where the return 
justified the expense. Waiving the right to measure and charge 
for excess demand could hardly create dissatisfaction among 
the small consumers; and collecting the demand charge from 
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the larger consumers ought not to entail extraordinary diffi- 
culties when the customer was shown that his total rate per 
kilowatt-hour was less than his neighbor’s rate in which no 
separate demand charge was included. 

In some cases the composite rate would materially simplify 
the work of metering and billing. This would be true whenever 
the reduced energy charge made it possible to include in one 
schedule two services which had been separately metered and 
charged, such as lighting and small motors supplied from the 
same mains. 

In the normal case it is to the interest of the supply company 
to get all the business that pays and no other business; in other 
words to get all the business that yields a profit over the cost of 
service. If the charges in every case could be accurately pro- 
portioned to the cost of service there would be no unprofitable 
business; and no business which could profitably be handled 
would be lost because of excessive rates. No one would con- 
tend that this ideal condition is attainable, but it does not by 
any means follow that we cannot establish thoroughly practical 
schedules that will approach it much more nearly than the flat 
energy rate or any of its common modifications. The flat 
energy rate implies pro-rating customer expense and plant 
expense on the energy consumed. ‘The practical result among 
small consumers is that energy is loaded with several hundred 
per cent of charges which do not at all represent costs occa- 
sioned by the use of energy. The consumer who uses current 
twenty-four hours a day is penalized with an altogether dis- 
proportionate share of the general expense, while the short 
period user gets off with much less than the actual cost of his 
service. 

Alex Dow (by letter): It may be clear to Mr. Lincoln that 
the determination of the maximum demand of a customer, and 
the determination of the part of the demand costs of the supply 
system which that customer should pay, are two things and 
not one and the same thing. His remarks as to classification, 
indicate that he does recognize their difference, but the paper 
read as a whole must give a contrary impression to his hearers. 
He is right in his conclusion No. 2, that load factor must be 
recognized in some manner, but he is wrong in implying that the 
load factor obtained by correlation of the reading of a maximum 
demand indicator such as he has invented, with the reading of a 
watt-hour meter, is the measure of the cost of serving the cus- 
tomer, or of the proper price to be charged for the service. Mr. 
Lincoln says that when we come to consider the expense involved 
in obtaining all necessary information for rendering a logical 
bill, it may easily follow that proper classification is the prefer- 
able horn of the dilemma. I take it that he consents to a proper 
classification, with, for instance, such classes as industrial power 
and residential service. But I also take him to teach that within 
each such class the maximum demand of each customer, regard- 


1915] DISCUSSION AT NEW YORK 2341 


less of when or how it arises, measures the proportion to be paid 
by that customer of the demand costs chargeable to the class. 
Let me say that I not only believe in, but have used for many 
years, rates in which the load factor is recognized. Ninety-five 
per cent of all the customers connected to the system which I 
manage are served under rates of either Wright or Hopkinson 
form. Let me say further that I have no prejudice against a 
maximum demand indicator. On the first of September there 
were 10,812 of these costly devices, of the Wright type, in ser- 
vice on that system; besides sundry and divers printographs and 
graphometers. All of these things have their place and use. 
None of them can justly distribute demand costs between dif- 
ferent classes of customers. Neither can any of them distribute 
demand costs within any class unless that class be entirely com- 
posed of individuals having load curves of similar form. 
Consider industrial power as a general class. A factory mak- 
ing men’s clothing or overalls develops its maximum load five 
minutes after the whistle blows in the morning; carries it with 
hardly a flicker until noon; drops it for the noon hour to pick it 
up and carry it throughout the afternoon until quitting time; 
and one day will be exactly like another unless dull times cause 
operatives to be laid off, or exceptional orders call for overtime 
work. The load curve of a jobbing machine shop with a foundry 
annex is seldom the same on two successive days. On each day 
on which a melt is made there is a well-marked afternoon peak 
due to the blower supplying air to the cupola. Assume that 
the constant load of the clothing shop and the maximum load of 
the machine shop during the blast are equal to each other. Mr. 
Lincoln’s demand indicator will assess the same demand costs 
against each customer. Now please consider the cost of serving 
these two customers. Beyond shadow of doubt the clothing 
factory requires that the central station install equipment for the 
indicated demand. That is to say the cost of service is, other 
things being equal, properly measured by the demand indicator. 
But the cost to serve the machine shop may or may not be prop- 
erly measured by the demand indicator. If the central station 
is small—for example, if it has only these two power customers— 
it may be compelled to make the same investment for the one 
customer as for the other, but if it is a large central station 
serving many industrial customers, the cost of readiness to 
serve the machine shop will be greater than that corresponding 
to the average day load of the shop, but less than that correspond- 
ing to the maximum. The diversity factor of all the erratic 
loads of the metal working industries will result in their being 
served by a station and line capacity very much less than the 
sum of their individual demands. Whereas the capacity re- 
quired for any number of clothing factories will be the sum of 
their individual demands. 
- Consider the relation of these two loads to the system, on the 
assumption that there is a peak due to evening lighting or to the 
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overlapping of evening lighting with the industrial load. Clothes 
making, textile mills, etc., superpose their requirements squarely 
upon the winter evening lighting peak. Metal working indus- 
tries, almost without exception, taper off their demands during 
the last hours of the working day. 

My study and experience of nearly twenty years in one of the 
industrial centers of the country have forced me to the con- 
clusion that no single measurement of customers’ demand will 
serve to properly distribute demand costs within the industrial 
power class. The method which has served best within that 
class is to plot load curves by half-hourly or hourly readings 
throughout a working day, at intervals of two or three months, 
and to take the average of not less than three readings as the basis 
of load factor calculations for rate making. 

Now consider the special case of residential service, to which 
Mr. Lincoln devotes several paragraphs in his introduction. 
Lighting does not in every case constitute the bulk of service 
to a residential customer. What I take Mr. Lincoln to mean is 
that lighting fixes the maximum demand for the residential class, 
which is true. But the maximum demand of the individual is 
quite likely to be fixed by something other than his evening 
lighting. There are many cottages and small apartments using 
electric light whereof the connected lights require less than 600 
watts—which means that a single 600-watt flatiron will make 
more of a demand than all the lights in the house. There are 
many other apartments, where the connection may exceed 600 
watts, but the ordinary evening use is less. Will Mr. Lincoln - 
undertake to collect from the ladies who preside over these 
cottages and miniature apartments, b lls, rendered according to 
a reading representing the activities of Tuesday morning? If 
so, he is a bolder man than I. And if such bills were collectable 
would they be equitable? Would the Tuesday demand, off 
peak, be a proper basis for the allotment of demand costs against 
that custome:? Or, to revert to the experience of Mr. Arthur 
Wright more than twenty years ago, would the extraordinary 
occasion of an entertainment, or of sudden sickness, causing the 
turning on simultaneously of all the lights and heating appliances 
in the house, be a proper occasion whereon to allocate demand 
costs against the joyful, or sorrowful, customer in question? Mr. 
Wright made a rule in Brighton that if a customer planned to give 
an entertainment he could, for a nominal fee, have the demand 
indicator switched out of the circuit for that evening. I don’t 
think I was ever told how Mr. Wright dealt with the Other stated 
occas on for unusual lighting. But I, having something like 
100,000 residence customers to deal with, would hate to find 
myself requiring the production of a medical certificate as my 
protection against punishment for rebating. 

The place for demand indicators is in commercial lighting: 
the lighting of stores, warehouses, etc., where each customer 
makes his maximum demand at the same time and where it is 
very important to give the long-hour customer the lower average 
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rate which he earns. In that class of service the load curve of 
one customer differs from the other, not at all as to the time of 
peak, only as to the height of peak and as to the continuance of 
the load or a part of the load into the later hours of the evening. 
As between customers in such a commercial lighting class, the 
demand costs may be properly apportioned by the readings of the 
demand indicators, and load factors comparable with one another 
can be arrived at by the correlation of these readings with the 
watt-hour meter readings Rates for commercial lighting made 
on that basis work well in practise, and have worked well in 
many cities and for many years. So likewise have residential 
service rates recognizing load factor worked well, where the de- 
mand charge has been based on something different from meas- 
ured demand—even the illogical rateable value method is work- 
ing very well in England—but no continuing success has been 
obtained anywhere with residential rates based on measured de- 
mand—nor do I think it can be obtained. 

J. G. DeRemer (by letter): In determining the rate of return 
on the investment in a central station property, thereis of course, 
among the various elements to be considered, the determination 
of profit. While the profit should be determined as a percentage 
earning on the total investment, it may quite satisfactorily be 
based upon the output of the property, provided a periodical 
adjustment is made to correct for improved load factors. In 
fact, it would seem only fair with such correction eliminated, 
inasmuch, as an improvement in load factor results from efficient 
administration and operation. 

I have used the following method in establishing rates for the 
larger customers of a company operating in the business section 
of a large Western city and found it to give satisfactory results 
to the company as well as to the customer. 

Let N = The maximum demand of the customer. 

Let M = The maximum demand of the system. 

Let X = The demand of the customer during the period of 
the system daily maximum demand. (See Fig. 3). 

That is, X and M are coincident as to time. 

The customer’s demand charge does not depend so much upon 
his maximum demand, N, as it does upon X, the demand taken 
at the time of the system maximum demand. Hence, the cus- 


: xX 
tomer should pay a demand charge proportional to Tal de Thus 


the demand charge = a x fixed costs per kw. maximum 


system demand, or plant investment. That is, if the fixed 
charges of the system be considered as consisting of 


Constant operating cost = O 
Interest =I 
Depreciation a) 

fe 


Profit 
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then the demand charge of a customer becomes 


XxX 
pr Vamaw deer aces ear fy) 


and the whole charge to the customer = 


= X(O+I+D4EP+E 


where EF is the energy charge, that is, = rate X kw-hr. sold. 
This statement for the whole charge to the customer becomes 


KILOWATTS 


unsatisfactory when X = zero, as, for instance, when applied 
to a customer using no current during the hours of the system’s 
maximum demand. Hence, there must be a rearrangement of 
the equation, such that a term containing the profit and that 
proportion of depreciation due to operating the system, shall be 
independent of X. : 

Thus, if we designate the two portions of depreciation as 
Dy, depreciation due to operation, and D;, the depreciation 
due to life, we can express the customer’s charge as follows: 


<= X (O4I4+D) + (Dp +P +B) 
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This, of course, becomes 


= (O-+ I 4D) +(R + kw-hr. sold), 


the rate here being sufficient to provide the necessary profit 
on the investment. Let us express this as 
Total charge to customer = (K X K) + (output X R). 


R is of course, measured in the regular way, with a watthour 
meter. X must be determined by observation or automatic 
recording of the customers demand during the period of maximum 
system demand. The exact time location of the value X is of 
the utmost importance when the customers demand is changing 
rapidly, as is often the case during the hours of maximum demand 
on most systems. I have found that a time interval of fifteen 
minutes in the selection of X, would effect the rate by an amount 
which would result in failure to obtain a large customers business. 

It is just here that Mr. Lincoln’s thermo logarithmic average 
meter -will prove its value. The great majority of customers 
taking service from a central station will take their maximum 
demand during the same period daily that the maximum de- 
mand occurs on the system. In this case X and N for such a 
customer coincide, and the maximum demand as determined by 
the thermometer will express exactly the quantity desired. 
This fact emphasizes the importance of determining the logarith- 
mic in preference to the integrated average, since the determina- 
tion of plant capacity required to carry the X demand of the 
customer will be subject to the same logarithmic average. Thus, 
it would appear that Mr. Lincoln has supplied a valuable addi- 
tion to the rate problem. 

The majority of those cases where N and X do not coincide, 
are large users of energy and will consequently justify the instal- 
lation of a graphic meter of the present design, or better, a 
graphic attachment to the thermometer, or perhaps the use of 
the printometer. 

F. A. Sager (by letter): The simplicity of the device described 
in Mr. Lincoln’s paper is self-evident, and the appropriateness 
lies in the fact that the same characteristic is used in actuating 
the device, as imposes the capacity limitation in the power 
company’s system, namely, heating. The overload capacity 
of the generating equipment will usually impose the limiting 
condition, although the transforming and transmitting system 
could be considered if necessary. The fact that generating 
equipment usually has specified over load capacities for two hour 
periods would indicate that. two hours might be adopted as the 
time of response for the proposed meters. While this is longer 
than usually proposed in contracts for electrical energy in which 
maximum demand js considered, the adoption of such longer 
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duration of peak load might work out to the advantage of both 
power company and consumer. 

Under such a plan the portions of rates representing primary 
charge and kw-hr. charge would have to be properly determined, 
for the longer time of response, but with this done the interests 
of the company could be fully protected, and a possible lower 
rate to customers, to whose load characteristics such lower rate 
applied, might lead to a far more general use of the many heating 
and mechanical devices that are now available for use in 
homes. This presumes that the device can be furnished at a 
cost small enough to permit of its general use on residence sys- 
tems. There would seem to be no question about its availability 
for larger power consumers. 

E. P. Roberts (by letter): It seems to me that the analogy 
to rental of a house or office is not well chosen. Whether or not 
a house or office is used does not affect cost to the landlord, unless 
heat and light are included. In fact, the depreciation on a house 
may be greater when a house is unoccupied than when used. 

The fact that the number of maximum demand indicators is 
only a small per cent of the number of watt-hour meters sold, 
does not quite justify the statement, “ therefore in only this small 
fraction of the customers for electric energy is any direct attempt 
made to apply the Hopkinson method of charge;’’ because, first, 
a maximum demand indicator is usually used for a number of 
customers and not permanently installed for only one, and sec- 
ondly, for many classes of customers the necessity for or advis- 
ability of a demand meter is comparatively slight, as the charac- 
teristics of use have been ascertained with a sufficient degree of 
accuracy. Mr. Lincoln refers to changes in characteristics in 
house service due to use of irons, ete., and the point is well 
taken, nevertheless the advisability of permanently installing an 
additional meter in small installations is questionable. It 
seems to me to have some resemblance to using eight-place 
logarithms on four- or three-place data. 

It might also be noted, that it is the great number of small 
meters sold that materially affects the ratio of sales of maximum 
demand to watt-hour meters, whereas the per cent of energy sold 
based on rates giving consideration to maximum demand is 
much greater, even though much less than it should be or would 
be if a satisfactory demand meter were available. 

R. A. Philip (by letter): We may concede Mr. Lincoln’s 
premises that a just and logical rate must take load factor into 
account and that a cheap and accurate method of measuring 
demand is urgently needed. It should be understood, however, 
that these premises may not be extended to mean that a rate 
is not just, equitable or scientifically formed, merely because 
there is no specific charge based on the consumer’s demand, as 
in the Hopkinson form rate; or no specific differential in the charge 
for energy, based on the consumers’ load factor, as in the Wright 


demand form of rate; or other explicit recognition of demand 
or load factor. 
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Load factor and demand may have been properly taken into 
account in making a rate, even though the form of the rate 
shows no evidence of it. Mr. Lincoln brings this point out 
when he says that a company is justified in establishing a rate 
based upon a reasonably accurate knowledge of average load 
factor. That is, a form of rate in which the charge is apparently 
determined only by the quantity of energy consumed is not un- 
scientific nor is a rate containing a demand element more sci- 
entific than one not containing such an element. 

A better idea of the position of demand in scientific rate 
making can be obtained by considering its relation to other 
important factors. 

A scientific or logical rate is one in which every factor involved 
in determining a proper rate is taken into account in proportion 
to its importance. A vast number of factors are involved. 
To fix ideas we may list a few without regard to order of im- 
portance: consumption, demand, diversity factor, power factor, 
voltage, phase, distance from point of production, cost of fuel, 
rate of interest on money. A rate which explicitly made a 
proper charge for each and every factor would apparently be a 
universal rate. An attempt to construct such a rate shows 
that it is impossible; the number of factors now known is so 
great that a rate which included all would be so complex as to 
be incomprehensible. Some important factors are still so vague 
that their definite determination for a basis of specific charge is 
impossible. While a specific charge cannot be made to cover 
each factor the rate will still be logical if each factor is con- 

idered and properly weighed in those charges which are made. 

As the number of charges must be less than the number of 
factors, at least one of the charges (and usually each of the 
charges) must contain many factors besides the leading one 
which may give it its name. Thus a charge for distance from 
point of production may be merged in an energy charge, as when 
a water power company establishes a 12-cent rate for current 
distributed directly from the power house and a 15-cent rate for 
current transmitted to distant cities. Diversity factor is com- 
monly amalgamated with demand, etc. 

Since the number of charges must be less than the number 
of factors entering rate making problems, and as each charge 
even if scientifically determined, is a composite of several 
fac ors, a scientific basis is desirable for determining the number 
of charges. 

Some have advocated two charges, consumption and demand, 
as necessary and sufficient for the universal rate, others have 
cla’‘med that a third charge, a customer charge, could not be 
omitted without making the rate unscientific, and that if such 
a third charge were included the form of rate was ideal. 

To determine the number of charges which should be made in 
a scientifically formed rate, a survey of the past and present rate 
situation would seem to yield the following conclusions: A rate 
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which contemplates building up the bills of very small con- 
sumers out of numerous separate charges is absurd and there- 
fore unscientific, for science is but a systematic application of 
common sense. On the other hand, experience has shown that 
a rate which consolidates all of the factors entering into the 
bills of very large consumers into a single charge is so inflexible 
that some of the largest and most desirable customers cannot 
be secured. 

The inference is that a scientific system of rates will start 
from a single charge for very small consumers and that the 
number of charges will progressively increase two, three and 
more as the customers grow larger. Thus the same schedule 
may at the lower end of the scale, provide a rate depending on 
one element only, the energy consumed, for the customer who 
pays a dollar a month, while at the upper end the customer 
paying thousands of dollars a month may have five, six 
or more separate charges covering consumption, demand, 
diversity factor, power factor, price of fuel and other elements. 

As the number of charges must be less than he number of 
factors to be considered, it is important to choose the best fac- 
tors for erection into a basis of charge and to take them in the 
best order. 

On this point experience seems to have demonstrated be- 
yond the need of further discussion that the first factor to be 
chosen as a basis for rate making is the consumption. Con- 
sequently consumption is the basis of most of the one-charge 
rates and the principal element in most multiple charge rates. 
Suitable meters are available for measuring consumption and 
the availability of such meters is doubtless one of the important 
reasons why this factor takes precedence over all others as a 
basis for charging. 

The factor which experience seems to point to as a basis for 
the second charge is demand. The inaccuracy of most cheap 
methods of determining demand and the great expense of 
accurate methods has undoubtedly interfered with the use of 
rates involving a demand charge. : 

The present paper indicates that a new meter will soon be 
commercially available for measuring the second fundamental 
factor of multiple charge rates. The rate situation should be 
improved in two ways by the introduction of a reliable and 
inexpensive demand meter. First, disputes and discrimina- 
tion due to present inaccurate methods of determining demand 
would be eliminated and second, the dividing line between the 
-one charge and two charge customers may be lowered to ad- 
vantage as there are many comparatively large customers who 
cannot be advantageously put on a two-charge rate merely 
because of a lack of a suitable meter for determ ning demand. 

No improvement in demand meters can, however, be ex- 
pected to overcome the extra expense and other disadvantages 
of a multiple charge rate to such an extent that there will not 
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always remain many customers who may logically be supplied 
to better advantage on a single charge rate. 

An indicating demand meter such as proposed should only 
be used where the demand charge constitutes a minor part of 
the bill. The reading of the demand on an indicating scale is 
a much rougher and more inaccurate process than the reading 
of the consumption on a watt-hour meter dial; consequently, if 
energy and demand are the only elements of the rate, it is de- 
sirable in order to minimize errors of metering to have the bill 
depend as much as possible on the energy charge and as little 
as possible on the demand charge. As energy and demand are 
but two of the many elements to be considered, the rate maker 
has considerable latitude in distributing items which are func- 
tions of neither consumption nor demand into these two 
charges and where other considerations do not govern, he 
should avoid building up those charges which can be measured 
with least accuracy. 

The possibility of measuring kilovolt-amperes as well as 
kilowatt demand which this meter presents, opens new possibil- 
ities of increasing the number of charges in the rates of very large 
customers. While certain rates now in use, recognize power 
factor as an element, experience has not progressed far enough 
to indicate clearly what the third factor should be in multiple 
charge rates. Among the competitors for third place are the 
customer charge, power factor charge, cost of fuel differential 
and others. Without deciding in advance that power factor 
should be the basis of the third fundamental charge it is safe 
to assume that some form of power factor charge will become 
a fixed feature of the more complicated multiple charge rates 
as soon as a sttitable meter has been proved available. 

Aside from its application to rate making, Mr. Lincoln’s 
demand meter suggests some useful applications. If the meter 
can be calibrated to indicate in a reliable manner the law of 
heating of generators, cables, etc., then such meters would be- 
come valuable switchboard indicators supplementing or super- 
. seding ordinary indicating meters or thermometers as a basis 
for getting the maximum output from electrical apparatus while 
simultaneously reducing to a minimum the risk of overloading. 

The meter shown in Fig. 10 of the paper should be of great 
value at the junction point of two power systems, showing at 
a glance on a single dial the relation between the several ele- 
ments of the power supplied and taken. In fact, in such a loca- 
tion, where a complicated contract involving numerous separate 
charges is frequently necessary, the power factor feature would 
make the meter especially useful in determining charges. For 
this purpose a permanent graphic record would be desirable and 
apparently easily obtainable, although if the meter had a large 
time element, readings of a non-graphic meter marked by hand 
on a duplicate chart would be almost as good and might even 
be better if the time of each reading were noted. 
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H. L. Wallau (by letter): One can readily conceive how 
easily the instrument described may be arranged for use with 
both current and potential transformers, thus making it rela- 
tively simple to design it for any desired capacity. 

It may also be seen that it most probably can be used on 
direct-current circuits. If in Fig. 2 of the paper we conceive that 
the resistances a and b are connected in series and their free 
ends to the terminals of a shunt, a current will circulate through 
them proportional to the line current, and in the direction of 
the arrows marked EF in that diagram. A connection made 
from the opposite side of the circuit (from that in which the 
shunt is inserted) to the wire connecting resistances a and b 
in series (top of diagram) would circulate a current proportional 
to the voltage of the circuit in the direction of the arrows marked 
I. Of course, a limiting resistance would have to be installed 
in any such connection to prevent a short circuit. The drop 
across the shunt being very small compared with the circuit 
voltage, the slight difference in the values of the potential 
currents flowing in the two resistances would probably not in- 
troduce errors of a magnitude sufficient to affect commercial 
results. é 

This meter being of a continuous integrating type, as against 
the present instruments which are, generally speaking, of the 
periodic integrating type, has decided advantages. 

The logarithmic average yielded by it should be welcomed 
rather than condemned by engineers. All will agree, I believe, 
that the indicator registering 90 per cent of the demand in a 
given period of time is preferable to that registering only 63 
per cent of it in the same time. A compromise in design is, of 
course, possible. 

The practise of the company with which I am associated is to 
use a one-hour demand. The 90 per cent meter designed for 
a thirty-minute period would register 99 per cent of true demand 


in one hour, and would, therefore, meet its needs. I believe 


that if this meter were standardized it should be rated as a 
meter which would register 99 per cent of the integrated demand 
in a period of time double that required for the 90 per cent. 
Commercially, this would be preferable, since in most contracts 
the time interval of the demand is specified, and a thermal 
meter rated at a period whose duration is one-half that specified 
in the contract would probably result in heated arguments be- 
tween company and consumer. 

There are, however, some details which may be troublesome. 
Let us consider such a meter with a loose pointer to indicate 
the maximum travel of the pointer actuated by the meter 
mechanism. Let us suppose we have what has been referred 
to as a 90 per cent meter with a thirty-minute period. Suppose 
the loose pointer registers 120 kw. while the actuating pointer 
registers 100 kw., and it is desired to reset the meter to zero. 
To do this, one of the circuits, preferably the potential through 


1915] DISCUSSION. AT NEW YORK 2351 


the indicator, must first be interrupted, thus rendering inopera- 
tive the differential heating feature and allowing the actuating 
pointer to fall back toward zero. Since the cooling and heating 
of the meter follow the same law, during the first thirty-minute 
period the actuating pointer will drop from 100 to 10 kw., and 
in another like period from 10 kw. to 1 kw., which we may 
assume is sufficiently close to zero for aload of this magnitude. 
The loose pointer can then be brought back to coincide with the 
actuating pointer. However, a meter which takes one hour to 
reset would, generally speaking, be commercially impractical. 
Mr. Lincoln may have some means to hasten the resetting action, 
but if so, he has not outlined them. 

A combination demand meter, which will register both kilo- 
watts and kilovolt-amperes, if made to operate accurately, 
should prove of value. 

However, let us suppose such a meter is set up on a customer’s 
premises, and that he makes a demand upon the line of 200 
kv-a. at 60 per cent power factor. The meter will register 120 
kw. of demand with one pointer and 200 kv-a. of demand with 
the other. If now the consumer adds 40 kw. of incandescent 
lighting load, increasing his demand to 160 kw. and bringing 
his power factor up to 71 per cent, the watt pointer will register 
160 kw. and the volt-ampere pointer will move up to 226 kv-a. 
In both of the above instances, the indications of the two loose 
pointers would correctly show the relation between maximum kilo- 
watts and maximum kilovolt-amperes. Butif,instead of adding 
unity power factor load, the consumer starts up a synchronous 
motor-generator set, mak ng an additional demand of 40 kw. 
at 60 per cent power factor leading, his true demand will increase 
to 160 kw. as before, but his apparent demand will fall to 192 kv-a. 
If I correctly interpret the results from the description the loose 
pointers in the second case would register a d mand of 160 
kw. and the original maximum kvy-a. demand of 200. These 
latter indications bear no true relation one to another. It 
would seem, therefore, that with such an instrument a load factor 
schedule with fixed charges exclusively based on the use of the 
kv-a. demand would be required, energy charges, of course, 
being made on a kw-hr. basis. With such a schedule the watt- 
mete: pointer might be omitted, leaving onlyits mechanism, 
which is necessary to allow the volt-ampere pointer to indicate 
apparent energy instead of reactive component. However, 
the combination of the two indications might more readily in- 
fluence the consumer to modify his installation so as to operate 
at the highest power factor obtainable, as it would graphically 
point to a method of reducing his bills. 

As previously stated, a demand meter of low cost is very de- 
sirable. It does not follow, however, that a load factor schedule 
based on the individual consumer’s demand for residence busi- 
ness would be at all-satisfactory to the majority of residential 
consumers. The load factor of the average individual residence 
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is very poor; that of the whole community quite fair. The only 
devices which to date have made for an appreciable increase 
in load factor have been the flat iron and the private garage 
charging set. Perhaps 5 to 75 per cent of the residences have 
the former, less than 5 per cent the latter. Refrigeration and 
cooking will have their influences, but while the individual load 
factor of the former may be from 50 per cent to 80 per cent, that 
of the latter, with the types of ranges now in general use, is 
more likely to be from 4 per cent to 10 per cent. Given a large 
number of such installations, the class load factor will materially 
improve, due to the large diversity, and warrant a lower class 
rate, rather than a load factor schedule for the individual. 
As has been referred to by the author, there are three elements 
of cost in rendering any service: customer cost, demand cost, 
energy cost. The order given is the true order of their magni- 
tude with reference to the residence consumer. . Practical con- 
siderations make it imperative to distribute the bulk of these 
costs over the kw-hr. consumption. 

I believe, therefore, that the forms of residence rates now in 
general use are preferable to a load factor schedule based on 
individual consumer’s demands. Too great a refinement is to 
me both unnecessary and inexpedient. 

There is, however, a wide field for the application of an in- 
expensive demand meter to commercial installations. While 
figures may vary in different localities, a well-developed central . 
station will have 10 per cent to 15 per cent of its total customers 
on its commercial circuits. With these customers supply com- 
panies would gladly install demand indicators, but for the fact 
that cost considerations make it impracticable to install the 
available types on more than about 10 per cent of their number. 

R. A. Lundquist (by letter): Engineers and operators of 
electric utilities will generally concur with Mr. Lincoln in his 
summing up of the essential factors that go to make up the ideal 
rate. 

For the every-day commercial measurement of maximum 
demand the meter described by Mr. Lincoln appears to ap- 
proach the solution of the problem. 

The theory of his meter seems sound, and to be based upon 
recognizedfundamentals. Itislikely also that it can be marketed 
at a price that will allow its wide use. 

In its operation, however, there may be room for question 
as to its general accuracy. It is assumed that the rating of the 
resistances will be such that they will not be operated at a very 
high temperature, and that they will not consume much energy. 
On this hypothesis, then, will the liquids in each cylinder attain 
uniform temperatures in the same period of time, regardless 
of the room temperature? In other words, will the meter 
indications be accurate over a fair range of outside temperature? 

J. D. Mortimer (by letter): The desirability of selling power 
in large blocks under a rate that recognizes the investment 
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charges upon the generating, transmission and distributing plant, 
seems to be generally recognized but is not universally applied. 
Some central station operators have preferred increment energy 
rates on account of their assumed greater simplicity. The sale 
of electric power under demand or load factor rates does not 
seem to have been generally avoided because there was not avail-. 
able a cheap reliable demand meter. Even with a relatively 
cheap demand meter available, it does not seem at all likely 
that such meters would be used for measuring the demand of 
residence electric service because the returns from such service 
are so low, except where the density of business is very high, as 
to make necessary the saving of all possible investment in 
metering devices, and operating expenses in connection there- 
with. Rates for residence service which do not require the use 
of a demand meter have been developed, which work substantial 
justice between different customers of this class. 

This is also true of small commercial customers’ having a 
connected load of 2 kw. and less. For commercial lighting 
customers and power customers outside of this range there is 
an excellent field for the application of a reliable demand watt- 
meter. Such a device will prove superior in general practise 
to a demand ampere meter because it will eliminate the error 
arising from the assumption of a standard voltage and one 
instrument may be used on three-wire or polyphase service. 
For the larger power users various types of recording demand 
meters are now in use and are giving a fair degree of satisfaction. 
They all call for considerable attention and cost a good deal of 
money to install. 

The device described by Mr. Lincoln appears ingenious and 
the explanation of its operation seems complete. Whether it 
will be generally applied depends upon the characteristics it 
develops in practical operation, the price at which it is sold 
and the expense of maintaining it in accurate condition. The 
future utility of the instrument will accordingly be determined 
from experience. 

Central station operators have hoped that the meter manu- 
facturers would develop a combined demand and integrating 
wattmeter for application to the loads of moderate-sized com- 
mercial lighting and power customers. Mr. Lincoln’s device 
is subject to the general objection accompanying all separate 
demand instruments, namely, that it involves investment in a 
separate device and calls for the expense of maintaining and 
operating it. For certain uses it would seem to be superior to 
any commercial device on the market, and it is hoped that it 
will be made available for the use of central stations at a not 
far distant date. 

Louis R. Lee (by letter): Where a new rate is being made, 
it could be based upon this meter to a very good advantage, 
but inasmuch as present rates are more or less established we 
are forced to consider the meter with reference to its applica- 
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tion to them. As stated in Mr. Lincoln’s article, the average 
load factor for residence lighting is pretty well known, so that 
in this discussion the application of a heat-storage meter for resi- 
dence application has not been considered, as it is not believed 
that the additional information which will be obtained, would 
compensate for the increased cost. 

The power contracts of the Tennessee Power Company and 
allied companies, involve a graduated consumption charge and 
also a demand charge based upon the average maximum 5- 
minute demand. This demand is obtained by the use of graph- 
ic wattmeters and is arrived at by averaging the highest 
5-minute demand for each day. It may seem that a great deal 
of unnecessary trouble is involved in obtaining this demand 
but from the following considerations, it seems to be the most 
equitable value that could be used. 

In the first place, the idea of the demand charge is to cover 
fixed charges necessary to handle the demand both at power 
station, in the distributing system and in service transformers. 
In the power station the portion of the total fixed cost which 
any individual customer should be charged with, would be based 
upon his average demand during the peak load on the power 
plant. For the distributing system and service transformers, 
however, the amount which would be chargeable to the individual 
customer would depend upon his maximum demand regardless 
of the time of its occurence. It is evident that the average 
customer’s share of the station peak load would be less than 


this last figure. It is also evident that the maximum demand, 


on which the latter portion of this charge is to be based, is higher 
than the customer’s average maximum demand. Therefore, by 
taking a demand such as we have mentioned above, a figure is 
arrived at which is higher than the demand upon which the central 
station portion of the demand charge is to be based, and at the 
same time, is lower than the demand on which the distributing 
system and transformer portion of the demand charge is to be 
based. In other words, it falls somewhere between these two 
values and, on the whole, comes nearer to taking into account 
both these factors than any other figure for the maximum demand 
which could be used. 

For this reason, therefore, the heat-storage meter is con- 
sidered with reference to its application to this condition as it 
does not seem desirable to modify the rate to conform to the 
characteristics of the meter. As stated above, curve-drawing 
watt-hour meters are used at present, the curve sheets being 
removed about every three days and very satisfactory results 
are obtained, except, that the cost of such meters is rather 
high and considerable attention is required to keep them in 
adjustment. Of the heat-storage meters a 10-minute 90 per 
cent meter would seem to be best adapted for this rate, conse- 
quently, it has been considered in the following discussion of 
its adaptability. 
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In arriving at the following values for the heat-storage meter 
readings, a logarithmic curve plotted between time as abscissas 
and per cent as ordinates was used. For the 10-minute in- 
terval, the values of this curve range from 10 per cent to 100 
per cent. In arriving at the reading of the meter for any 10- 
minute load, the average value of the load, for each minute, 
was multiplied by the corresponding ordinate of the above curve 
and the sum of these products was then divided by the sum of 
all of the ordinates of the curve. In figuring on the 90 per cent 
meter rather than the 63 per cent meter mentioned in Mr. 
Lincoln’s article, it was considered that for the short demand 
period, the indications of the 90 per cent meter would be more 
nearly correct on the whole than those of the 63 per cent meter, 
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even though with very short duration maximum demands, the 
results obtained would be very much higher than the average 
value of the load during this time. 

The comparison of the heat-storage meter with the curve-draw- 
ing meter for our rates will depend upon the following points: 

Accuracy. Sketches I, II and III of Fig. 4 show aseries of 
10-minute loads for which the readings of the heat-storage 
meter have been computed A comparison of the readings of 
two types of meters for these three 10-minute loads is given in 
the following table: 


Sketch, Heat-Storage Graphic Meter 
3 Meter Reading Reading 

I : 42 kw. 28 kw. 

II 66 52 


Ill 69 68 
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For these 10-minute loads, it will be noticed that in each case 
the reading of the heat-storage meter is higher than the average 
load, the amount of difference depending roughly upon the re- 
lation of the maximum to the average values of the load and 
upon the time of occurrence and duration of the maximum 
value. With a rate of the nature mentioned above, the heat- 
storage meter would work out to the advantage of the central 
station, probably too much so. Sketches IV, V and VI show 
10-minute peaks which have the same average values and the 
same general characteristics, except, that the location of the 
maximum value varies in the three cases. For these cases the 
comparison of the two meters is as follows: 


Sketch Heat-Storage Graphic Meter 
Meter Reading Reading 
IV 47.6 kw. 386 kw. 
V 29.8 36 
VI 2252 36 


It will be noted that the value of the heat-storage meter read- 
ing in each case is computed with the 10-minute interval ending 
at 10 as shown on the curve. It is of interest to note that 
in V, if we consider the 10-minute as ending at (a), the reading 
of the heat-storage meter would be 44.6 kw. In VI, if the period 
ends at (b), it will be 28.6 kw., or if it ends at 6 it will be 37 kw. 
The maximum values which would be obtained, therefore, for - 
the three cases would be 47.6, 44.6 and 37 kw. In these three 
cases we have demands that are practically indentical and would 
cause the same disturbance on the system of the central station. 
Yet with the heat-storage meter, it would be not possible to 
obtain the same values for the maximum demand. In this con- 
nection, it might also be mentioned that for two individual 
peaks preceded by different average loads, the indications of 
the heat-storage meter would also be somewhat different. 
Another point of interest in this regard is, that the heat-storage 
meter would penalize comparatively high short peaks, while in 
cases where the peaks were a little above the average load and 
of comparatively long duration, the heat-storage meter would 
give about the same results as the graphic meter. It would seem 
therefore, that for a 10-minute maximum demand meter, the 
heat-storage meter would leave much to be desired. 

Reliability. While there are no actual experience data avail- 
able as to the comparative reliability of the two types of instru- 
ments, the heat-storage meter would probably be the more 
reliable and free from changes in adjustment. After it was 
once installed, however, it would not be as easy to secure a rough 
check on it from the accompanying integrating meter, as if 
would be with the graphic meter now in use. 

Cost. Under this heading both the initial cost of the two 
meters and also the operating cost must be considered. With: 


1915] DISCUSSION AT NEW YORK 2357 


the type of heat-storage meter in which the reading is given 
by pointer, which is moved up to the maximum position, and 
is left there to be reset, there is no permanent record of the 
demand which can be produced incase any arguments arise as 
to the bill, so to put it on the same basis as the graphic meter 
in this respect, it would be necessary to have a curve drawing 
heat-storage meter. This additional feature could easily be 
worked out but it is doubtful whether there would be any great 
differences between the cost of an ordinary graphic meter and 
a graphic heat-storage meter. Without this feature, however, 
the heat-storage meter would not be comparable with the graphic 
wattmeter, as it is found in practise that the permanent records 
of the latter are of great value where these disagreements arise 
as to the application of the rate. Unless a graphic form of heat- 
storage meter were used a greater amount of attendance would 
be required in order to obtain the readings than is required by 
our present rate. Withthe graphic wattmeter, the curve runs 
along for about three days before it is taken off, while with 
the heat-storage meter, the readings would have to be taken 
every day, and the pointer reset, unless a graphic form were 
used, in which case, there would be very little difference in 
the initial and operating costs. Therefore, putting the watt 
meters on the same basis, the heat-storage meter would have 
little advantage in cost. 

Heat-Storage Meter Contract. As to the suggestion that 
present contracts might be altered to permit the use of 
the heat-storage meter, it would be of interest to know just 
how the-indications of this meter would be specified in the 
contract. We have found, from experience, that the average 
customer would not consent to a contract merely stating that 
the maximum demand was to be taken as the indications of 
the heat-storage meter without further explanation. Obviously, 
the use of this meter would not be permitted by a provision saying 
that the maximum load over acertain interval would beconsidered, 
nor that the average load over a certain interval would be taken, 
as the heat-storage meter, strictly speaking, would not give 
readings which would come under either of the provisions, except 
in certain special cases. It would, therefore, be of interest to 
hear suggestions as to just how the use of the meter would be 
specified in a power contract. 

Paul M. Lincoln: Mr. McClellan said that he thought the 
necessity of measuring maximum demand had been consider- 
ably exaggerated. I do not agree with that. I think that the 
measurement of maximum demand is absolutely essential, if 
we would have a logical method of applying rates for electric 
service. 

Mr. Lieb also made the same point, and as I understood 
him, said that it was not necessary to discriminate between 
customers of a given class on account of their load factor. I 
do not agree with that, and I believe, on analysis, that that 
position cannot be sustained. 
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John Hopkinson was the first to point out, many years ago, 
that the cost of electric service was dependent on the two fac- 
tors, maximum demand, and the energy used; and his analysis 
also shows that even a larger part of the cost depends upon 
the maximum demand than upon the kw-hr. of consumption. 
Therefore, if you are going to render a logical bill depending 
upon the cost, the greater part of the bill will depend upon the 
maximum demand. 

My friends will probably counter by saying that the proper 
charge for electric service should not be a function of the cost 
of power, so much as of the value of the serv'ce rendered. I 
am not going to discuss the question of the ‘‘cost of service” 
versus the ‘‘value of service’ theory; it is not necessary, be- 
cause the value of service must be always measured in exactly 
the same terms as the cost of service. That comes from the 
consideration that the value of service can never be greater 
than the cost to the customer of supplying his own service, 
and the cost to the customer supplying his own service must 
always be measured in the same terms as the cost of supply- 
ing that same service from a central station; therefore, when 
we have so analyzed as to get a rate which is properly depend- 
ent upon cost of service, we will also have one which is in exactly 
the same terms as the rate which depends upon the value of 
service. .We come down to exactly the same thing, whether 
we use cost of service or value of service. 

By the way, Mr. Lieb and Mr. McClellan and these other 
gentlemen who criticised me upon that point, all of them admit 
by their practise that it is perfectly proper and logical to use 
kw-hr. in discriminating between the various customers, of 
the same class. If they admit that, they must also admit 
that it is proper and logical to use a maximum demand meter 
to discriminate between customers, because as Hopkinson 
pointed out twenty-three years ago—and every other analysis 
of power costs has pointed out since—a customer’s bill should 
be dependent even more upon maximum demand than it is 
upon the kw-hr. used; so that if these gentlemen use and admit 
that the use of kw-hr. meters for discrimination between cus- 
tomers is logical and correct, I do not see how they can escape 
the conclusion that the maximum demand meter is necessary 
also. 

Mr. Cheney spoke of the undesirability of using maximum 
demand in connection with residences where the maximum de- 
mand for the month may be set by the one entertainment that 
the owner of the residence gives during the month. That 
point is well taken, and for that reason I am of the opinion that 
the maximum demand meter as applied to residence service can- 
not successfully work out. There are other modifications of 
a maximum demand rate which I think will apply, and which 
will be further treated in a future paper. 

Simplification of rates has been urged, and I agree entirely 
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that simplification is a highly desirable thing to have. How- 
ever, I do not believe that it is desirable or logical to obtain 
simplification in rates at the expense of justness and fairness, 
and if one of those elements must be sacrificed, I think the 
simplification will have to go. 

Mr. Lieb also mentioned the point that it was not necessary 
to discriminate between customers on the basis of load factor, 
but I have already answered that point; I maintain that if Mr. 
Lieb uses kw-hr. meters to discriminate between customers, it 
is also logical for him to use maximum demand as well: I 
simply reiterate that point. 

Mr. Hall gave us a very interesting discussion of the Type 
H meter, and seems to indicate that in designing that meter 
they have been after a straight-line function between time and 
load. I do not believe that the straight-line function is the 
one to go after, as ] indicated in my paper. The proper function 
is the natural logarithmic function, since that is the function 
that the apparatus will follow in its own heating, and it is that 
same kind of function which should fix the bill. I believe that 
what in my paper I call the “logarithmic average” is a more 
just basis for fixing rates than is an average of the usually ac- 
cepted type; that is, where each instant over which the average 
is taken has an equal weight. 

Mr. Hall also gave us some information concerning the char- 
acteristics of the Type H meter, and stated that it made no 
difference whether a quarter-inch lead was used, or some small 
wire. I would like to ask, and suggest that there would be a 
very decided difference between those two conditions if the out- 
side temperature of those leads differs from air temperature. 
Also, a marked difference between lead temperature and_air 
temperature cannot be avoided if the lead runs out of doors into 
a colder atmosphere, or a hotter atmosphere. The size of those 
leads under these conditions will make a very great difference 
in the indication. 

Mr. Hall also asked concerning the ascending and descend- 
ing curves of the meters I have described. Those two con- 
ditions have exactly the same characteristics, and the character- 
istics depend solely upon the fact that a hot body will lose heat 
in proportion to its elevation above the surrounding air. That 
is perfectly true so long as convection only dictates the rate 
of the loss of heat, this in turn is true only when the tem- 
peratures are kept below about forty degrees or thereabouts, 
and the surfaces are polished. So long as that is the case, 
radiation hardly enters at all into the escape of heat from the 
body; it is controlled entirely by convection, and the law of the 
loss of heat by convection is a straight-line law. 

Mr. Taylor criticises me for spoiling a good meter description 
with a discussion on rates. Now, I maintain that the crux of 
the rate problem lies in the method of measuring; you cannot 
separate those two; and I also maintain and will continue to 
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maintain that there can be no logical or just method of apply- 
ing a rate for electric service until we have some means of getting 
information other than the simple kw-hr. of consumption. 
It is absolutely necessary to recognize load factor if we are to 
have a just rate. That is the main point I have tried to em- 
phasize in my discussion of the rate problem, per se. 

Mr. McClellan, in speaking the second time, emphasized the 
fact that it was value of service rather than cost of service that 
should control the rate. As I indicated in my opening, it makes 
no difference whether you take the value of service theory or 
the cost of service theory; they must be measured in the same 
terms; the same quantities must enter into the measurement 
of either the value or the cost. 

Mr. Goodwin has:asked how this meter is to be used on direct 
current. I did not intend to convey the impression that the 
meter I described was applicable to direct current, but, the 
principle is applicable to direct current. Suppose in Fig. 5 we 
have a generator G, and we bring its current through a shunt, 


S;across this shunt we place a resistance R. Then, from the 
opposite polarity of the generator, we take a current through 
the resistance R’ into the middle point of resistance R. You 
will find if you analyze the direction of current flow that you 
have in these two halves of the resistance R exactly the same 
condition which I have described in Fig. 2 of my paper, and that 
the difference in the rate of heating in the two halves is pro- 
portioned to the watts. However, the scheme is not applicable 
to direct current, because a meter of that kind would take about 
as much power in the meter shunt R’ as would be used in the 
load. The only way to make the scheme generally applicable 
to direct current is to use something which is equivalent to a 
d-c. transformer, something which is unfortunately not yet 
available. 

Mr. Burke mentioned the desirability of a rate which is based 
upon excess above a certain quantity of demand. There is in 
my opinion a great possibility in that particular method of 
measurement, and it is one which will be treated in my future 
paper. 
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THE COMBINED OPERATION OF STEAM AND 
HYDRAULIC POWER IN THE PENNSYLVANIA WATER 
AND POWER COMPANY SYSTEM 


BY JOHN ABBET WALLS 


ABSTRACT OF PAPER 


The paper relates the experience of a large hydroelectric 
development on an erratic river, in endeavoring to accom- 
plish most effective combined steam and hydroelectric opera- 
tion, indicating that a river may be developed to an extent many 
times its low water flow where there is extended cooperation 
between customer and power company in determining, by 
experimenting, the economy of further supply of hydroelectric 
power. A plea is made for drawing up power contracts in a 
fashion to encourage effective combined operation of hydro- 
electric plant with customer’s existing steam equipment. 


[2 SECURE the most effective combined operation of 

steam and hydraulic power is a problem that has engaged 
for the past few years the serious attention of the Pennsylvania 
Water& Power Company. This company hasbuilt ahydroelectric 
plant at Holtwood, Pa.,on the Susquehanna River, only 25 miles 
fromitsmouth. This station has, at present, a capacity of 83,000 
kw. The river flow fluctuates in erratic fashion, being subject 
to sudden and unseasonable variations from one-eighth of that 
required for full power house output to a maximum flood of 250 — 
times the low flow. Fig. 1 shows the daily discharge of the river 
at the power development over a year period, and indicates the 
lack of dependable regularity in flow. 

' Rather than incur investment charges on equipment installed 
in advance of the time of there being load sufficient to justify 
its use, the hydraulic plant was so laid out as to permit of ex- 
tensions being added on the unit plan as they were required, 
and the problem has been to determine, from estimated load 
growths and from the hydraulic and power contract conditions, 
the proper division of load between steam plants and hy- 
draulic station, and the resulting advisability of additions re- 
spectively either to hydraulic or steam equipment. By appro- 
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priate conduct of its operation the company has felt itself 
warranted in adding to the hydraulic installation from time to 
time and in utilizing more and more of the possibilities of the 
river, until now the installed capacity is eight times the low-water 
flow. 

Taking up the question of how such full utilization of an er- 
ratic river has been brought about it must be noted, first, that 
the power company, though not itself owning any steam equip- 
ment, has yet been able to make appropriate arrangements with 
its customers, who possessed steam plants of more or less modern- 
ity at the time the contracts for the supply of hydroelectric 
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power were entered into. The power customers are few in num- 
ber and are large electric railway and distributing companies, 
so that the hydraulic company may be considered as practically 
a wholesaler of hydroelectric energy. The various contracts 
for power differ considerably from each other in their essentials; 
hence, there might be said to have been obtained for the power 
company the benefits of a. diversity factor from the power 
contracts themselves, as well as from the power loads. 

The experience obtained from comparing the workings of 
these different types of contracts was of benefit when it came 
to provide for the sale of additional hydraulic power to the 
customers, for in the beginning, a natural distrust of the relia- 
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bility of hydraulic power manifested itself in provisions which 
contemplated substantial steam stand-by and steam generation. 

During the period of tuning up a new hydraulic installation, 
which period may be more or less extended, such precautions 
are quite justified. Gradually, however, as the hydroelectric 
service improved, or as the customers gained confidence in the re- 
liability of such service, the maintenance of extended steam stand- 
by conditions with banked boilers and heavy operating force, 
and generation by steam, became less and less necessary. Without 
going into details, as it is a rather voluminous subject in itself, 
it may be sufficient to say that by continuous experimenting, 
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test runs, surprise drills, improvements in equipment and methods 
of banking boilers, laying fires, retaining heat, etc., the stand-by 
arrangements were made more effective while at the same time 
the stand-by was decreased in cost. 

All this was preparatory to making it possible for the hydro- 
electric company to take up effectively with the customers the 
question of shifting over onto the hydroelectric plant more and 
more of that power load originally left outside of the power con- 
tracts. 

Looking at a sample daily load diagram, Fig. 2, representing 
total customers’ load, there is a limit to the amount of load for 
which the hydroelectric company is justified in installing equip- 
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ment to carry for that particular shape of load curve. This is 
represented by the line marked R. If the hydroelectric com- 
pany installs a unit of additional equipment enabling-it to carry 
additional load included between the load line R and a greater 
load line S, then the income from carrying by hydraulic power 
such additional kilowatt-hours must be sufficient to cover the 
interest, depreciation, profit and operating charges on the ad- 
ditional equipment necessary. But the additional kilowatt- 
hours which may be so carried, vary from day to day with minor 
changes in the shape of the load curve. Then, due to seasonal 
effects on diversity factor, the shape of the load curve changes 
materially, progressively increasing and diminishing the possible 
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kilowatt-hours in the load. An example of modification in shape 
of curve of combined loads of two customers, due to seasonal 
changes only, may be noted by comparing Fig. 2, where in 
January there is a high peak in the afternoon, and Fig. 3, where 
only two months later the maximum load comes in the morning. 
Unanticipated industrial conditions affecting the general growth ~ 
of the load would also have their influences. Again, even if the 
load should be actually available in accordance with the number 
of kilowatt-hours estimated, still the river flow necessary to carry 
it may be lacking from time to time, and this must be allowed for. 
Then, too, must be determined the saving in steam costs for the 
block of kilowatt-hours, and as this is represented by deducting 
the cost of generating by steam all energy above line S from the 
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cost of generating by steam all energy above line R, and making 
due allowance for difference in stand-by costs resulting there- 
from, it is necessary to make experimental steam runs to obtain 
these data sufficiently accurately, since we are concerned even 
with small differences in cost. 

All this involves fullest cooperation between customer and 
power company in making the test runs, figuring out the costs, 
and making comparisons, before we arrive at a point where the 
operating data showing most effective combined operation are 
ready to be passed upon by those who are to decide as to whether 
the savings or profits involved are worth making. Of course, 
there are many factors entering into such a determination. For 
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example: the steam man must decide if he will thereby carry 
some labor which he cannot employ effectively in maintenance 
work or otherwise, but must have always available, which 
labor, by occasional idleness, may deteriorate; and, for example, 
the hydraulic man must decide to what extent he can depend 
upon using his spare equipment to carry occasional kilowatt- 
hours; hence, it is possible to work out the most effective method 
of combined hydraulic and steam operation only by effective 
combined efforts of both the steam and hydraulic representatives. 

The above is concerned with generation under good river stage 
conditions. With low water new conditions arise. Fig. 4 shows 
a case of steam generation by two stations during low water. 
Steam station X ran at high load factor to get economical steam 
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consumption; steam station Y carried its load as a peak during the 
afternoon hours. One would judge the latter form of low load 
factor generation to be inefficient as compared with the run of 
station X. But, as dictating the form of steam load carried, 
other factors may enter, such as the desirability of generating 
during only one shift, loading up to the capacity of only the most 
efficient generating units, assisting on the peak to cut down trans- 
mission line losses, exigencies of load dispatching due to equip- 
ment out of service, etc., and occasionally, contract provisions 
which when enforced prevent most economical combined opera- 
tion. 

In the steam stations themselves, the most efficient apparatus— 
usually that apparatus of largest capacity—is put first into opera- 
tion and if the river flow continues to decrease, then, as is needed, 
the less and less efficient equipment. To a certain extent this 
same scheme is carried out in connection with the different steam 
plants. Those steam plants where owing to one condition or 
another the kilowatt-hour cost of steam generation is high are 
brought into operation only after that equipment in the other 
stations, which gives lower kilowatt-hour costs, is fully loaded. 

Ultimately these may become mere matters of load dispatching 
but first they must be worked out from the cost standpoint and 
provided for by contract understandings between customers and 
power company. The possibility of making a fair profit from 
steam generation during low water from otherwise idle steam 
equipment serves as an incentive for the steam man to experi- 
ment with various methods of steam generation in the endeavor 
to reduce his kilowatt-hour cost of generation sufficiently to 
sectire in open competition the maximum possible kilowatt- 
hours of load and the maximum total yearly profit therefrom. 
It is almost impossible at the time of drawing up a power contract 
to fix a hard and fast rate for a large and irregular supply of 
steam-generated power, for if the price of such power is made 
high enough to cover almost any conceivable condition of steam 
generation which might be called for, then that price is too high 
for effective ordinary use, and naturally the supply will be ob- 
tained from other sources. It is equally difficult in the face of 
changing costs of coal, and labor, of gradual obsolescence of 
installed steam equipment, of improvements in the art of steam 
generation, and of a lack of knowledge of future conditions of 
power supply and demand, to provide rates and delivery specifi- 
cations equitably to apply against future transfer of portions of 
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steam load to the hydroelectric station. Rough figures can be 
estimated, but it is the lack of that exactness fatal to maximum . 
efficiency and inherent in such guesses that prevents the getting 
out of the situation all that there is in it both for the customer 
and for the power company. 

Naturally, the contract understandings may play a part in 
determining the hydroelectric plant design. For example; 
when steam is available to carry the tips of the load peaks, the 
additional equipment, as purchased, is designed to carry continu- 
ously the full output of the turbines less allowance for governing, 
instead of being given a peak rating. 

In general the loads of the customers at the time of making the 
power contracts had nearly reached the limits of capacity of the 
customers’ steam plants, but additions have been made since, not 
only in hydraulic equipment, but also in steam equipment. It has 
not been found necessary for the hydroelectric company to have 
a steam plant of its own; rather the idea has been to work out a 
use for the steam plants which the customers possessed at the 
time of making the power contracts, and since the very lowest 
flow in the river does not last for a long time, it is possible to figure 
upon using even very inefficient and out-of-date steam equipment 
for these short periods, thus making useful, steam equipment 
which otherwise would possibly long ago have been scrapped. 

Where the load is that of a few large customers having already 
a certain amount of steam equipment, and where it is not practi- 
cable to work out a system of combined primary, secondary, and 
surplus power supply of general application to all customers, 
it is believed that by such methods of cooperation between custo- 
mers and power company, there will be permitted the develop- 
ment, on fluctuating rivers, of large water powers now difficult 
to handle financially. 

Certainly it is felt that in this particular development a still 
further portion of the tiver flow will be made use of, as the load 
demand grows and provision has been made for additions to the 
present hydraulic installation, awaiting only such load growth for 
the additions to be gone ahead with; and all this has grown out of 
the appreciation by the customers and the power company of 
the advantages of getting together and of each viewing. a power 
contract in the light of a business opportunity and not as the 
final word in a power deal. 

We may look at a power contract somewhat in the light of a 
transmission gear of an automobile, linking together the driving 


2368 WALLS: HYDROELECTRIC PLANTS [Oct. 11 


element and the driven wheels. There is a tendency so to look 
to the desirable qualities of a strong and firm connection that one 
is apt to prescribe a bolted coupling rather than that sort of a 
transmission gear which will allow some little flexibility to meet 
the changed conditions of running with which one necessarily 
meets in practise. It is true that one does not want slackness 
and that one cannot foresee the change and development which 
may take place in operating conditions, nor allow for them specifi- 
cally, but for just this reason it is advisable when drawing up the 
contract to have this in mind and by permitting, encouraging, or 
providing for steps towards more effective combined operation, 
make future benefits therefrom not only possible, but highly 
probable. 


Presented at the 313th Meeting of the American 
Institute of Electrical Engineers, Philadelphia, 
Pa., October 11, 1915. 
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SUPPLEMENTAL POWER FOR HYDROELECTRIC 
SYSTEMS 


BY J. F. VAUGHAN 


ABSTRACT OF PAPER 


The first part of the paper outlines the functions of the 
steam plant furnishing relay and supplemental power for the 
system whose normal source of power is water, and illustrates 
graphically and otherwise the relative importance of the various 
functions and characteristics of the supplemental plant. It 
further illustrates by diagrams in a hypothetical case the division 
of load between the hydraulic and supplemental sources of power. 

The second part of the paper discusses some general data 
obtained from a number of New England water power systems, 
indicating the extent to which the water power is supplemented 
by steam and the methods of utilizing supplemental capacity. 


FUNCTIONS 
HE CHIEF functions of the steam* plant supplementing 
the water power system are: 
I. Stand-by for breakdown 
II. Relay for low water 
III. Supplemental for carrying peak of load. 
IV. As base load capacity when load dominates the water 
power and water power becomes supplemental to steam. 


CHARACTERISTICS 


The characteristics of the supplemental plant types corres- 
ponding to the above functions are— 

For functions I, II, and III, low fixed charges and low stand-by 
cost. 

For functions I and III, quick starting. 

For functions II and III, moderate operating costs. 

For function IV, low operating costs. 


PLANT TYPES 


I. Classified by ownership 
1.. Power company’s 
2. Power customers’ 
*Or other form of prime mover power plant. 
2369 
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II. Classified by origin 

. Existing plants 

. Extension of existing plants 

New plants. 

Classified by equipment 

. second hand equipment 

. Cheap new equipment with simple auxiliaries. 
. High economy equipment with full auxiliaries. 


— 
— 
WNrMwnre 


RELATIVE VALUE OF FUNCTIONS 


We may represent the relative commercial value of the func- 
tions of the supplemental plant in various ways; for instance, 
assuming an entirely new system, whose market is created by 
the water power development and grows gradually through a 
term of years until it exceeds the capacity of the water power 
available. Assuming for-discussion a term of 25 years, the re- 
lative value of each function for various periods expressed 
in per cent of the total commercial value of a supplemental. 
plant may be tabulated as follows: 


Ist year | 2nd year | 5th year | 10th year | 25th year 


Breakdown (I) 100 75 50 10 0 
Low Water (II) 0 25 50 15 ) 
Peak Capacity (III) . 0 0 0 25 OF 
Base Load (IV) 0 0 0 50 100 
Total 100 100 100 100 100 


These relations may be visualized graphically by Fig. 1; or, 
tabulating according to functions and characteristics: 


Breakdown Low water Peak Base load 
Quick start Low investment Low investment Reliability 
Low investment Economy Quick start Economy 
Reliability Reliability Reliability Low investment 
Economy -Quick start Economy Quick start 


It is evident that in order to minimize fixed charges, the exist- 
ing steam capacity should be utilized as far as possible whether 


, 
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it belongs to the water power company or its customers, and in- 
sofar as the supplemental capacity is required for standby, or 
for small annual output—that is to be used to produce kilowatt 
capacity, and not kilowatt-hour output—even inefficient, second- 
hand, or otherwise low-grade plant may be well adapted to the 
purpose. 

As the supplemental plant is called on to furnish a larger pro- 
portion of the demands of the system—that is, as it operates on 
a higher and higher load factor—the higher class of equipment 
required may not be found so readily available in existing plants. 
While this is particularly true in the smaller power systems, 
larger communities may provide higher class installations, either 
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SUPPLEMENTAL CAPACITY 


in the form of mill equipment or public service plants. In the 
older communities, where large systems have grown up, supplied 
from well-developed steam installations, water power supply 
may be obtained from local small sources, strictly supplemental 
to the steam plant, or may be brought in over transmission lines 
from some outlying water power system. In the latter case, 
the ideal would be obtained by a traffic agreement between the 
two companies by which the water power system could utilize 
to the full the capacity of the steam plant to relay its own 
system during low-water periods, and could furnish the steam 
plant, in return, surplus power to reduce the fuel consumption of 
the steam plant. 
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The following curves Figs. 2, 3, 4 and 5 have been drawn to 
indicate graphically, by a hypothetical case, how the system load 
would naturally be divided between the water power and 
supplemental plant. In this case it is assumed that the water 
power plant has sufficient pondage to enable it ultimately to carry 
the daily peaks, leaving the base of the load to be handled by 
the steam plant. 

The curves, while representing the four stages indicated by 
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functions I, II, III and IV, are not numerically on exactly the 
same basis as the above graphic illustration (Fig. 1). 

Case A. The system load is assumed to be equal to but not 
exceeding the low-water capacity of the water power plant. 

Case B. The load exceeds the low-water capacity and equals 
that of the water power plant. Steam supplement is required 
during low water. 

Case C. The load exceeds at all times the water power plant 
capacity, calling for the daily use of the steam plant to carry 
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part of the load. During normal water, water power takes the 
base, reducing the hours of daily steam operation. During 
low water, when water is insufficient to carry the whole base 
to allow steam to operate on short hours, the capacity is used 
to better advantage by handling the base by steam. 

Case D. The load exceeds the water power capacity at all 
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times to such an extent that steam dominates the output. The 
water power then, by taking advantage of its pondage, provides 
the peak load capacity and reduces its hours of daily operation. 


New ENGLAND PRACTISE 


In order to find out what has been the general experience and 
practise of public service corporations utilizing water power in 
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New England, such information was obtained as time would 
permit from a number of the more important companies. The 
information sought included the general plolicy of the companies 
in utilizing the existing capacity in steam plants of their cus- 
tomers, also the general principles followed in the sale of power 
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calling for supplement either by the customers for their own pro- 
tection, or by the company for its own or its customers’ benefit. 

The general power situation in New England consists of three 
classes, somewhat at variance with the above ideal classification. 
They are: 


é 
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1. Markets already existing either wholly supplied from steam _ 


or with steam dominating, and gradually absorbing transmitted 
power. 
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2. New or recently developed water power installations or ex- 
tensions seeking new markets and usually more or less supple- 
mented by steam. 
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3. Power sources extended either by re-development or by 
interconnection with other powers by means of electric trans- 
mission to serve better the territory covered. 

The power customers having steam plants available for auxil- 
iary use are of three classes: 

1. Public service railway, light and power companies. 

2. Mills having their own steam plants. 

3. Other water power developments having surplus steam 
plant capacity. 

In addition to the above questions, information was sought 
on the extent to which the various companies have found it 
advisable to relay their water power; the extent to which they 
had been able to obtain the use of their customers’ steam capac- 
ity; the principal uses to which the supplemental plants had 
been put; the general location of supplemental capacity; the 
general method of getting and paying for the customers’ sup- 
plemental capacity; the methods employed of quick steaming 
and starting; and the organization for, and time necessary to 
start and pick up the load. 

A company operating about 50,000 kw. of water power capac- 
ity started out a few years ago with the idea of utilizing through 
contract agreements the steam capacity of its customers, and 
although unusually successful in carrying out this principle, 
nevertheless the company has found it advisable to provide 
its own supplemental plant to the extent of about 15 per cent 
of its hydraulic capacity. In the last few years the proportion 
of its relay power has increased from about 2.5 per cent to about 
20 per cent of the total kilowatt-hours generated, the latter figure 
representing the year 1914, which wasa period of unprecedented 
drought. This company’s ponds are sufficient to allow the water 
power plants to carry the bulk of the daily peaks, making it 
necessary as a rule to call on the customers only at such times 
as they can spare the power. 

The contracts with the customers furnishing supplemental 
power in general provide that, on request of the company, the 
customers shall supply power in such quantities and at such times 
as it may be required, provided this does not interfere in any 
way with their regular business. Such power is strictly ‘“‘ off 
peak ’’ and requires no expense on the part of the customer for 
additional equipment. 

The steam plants, of both customers and company, are used 
primarily for low water supplement and only rarely for break- 
down relay. 
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As the customers’ plants are run continuously in their regular 
business they require no special provision for quick starting. 


Another large company with about 5000 kw. in water power 
started out on the assumption that what New England wanted 
was primary power but it has seen fit to reverse its policy and 
now furnishes principally secondary power, depending on its 
customers to supply all the supplemental power required. In 
this way the company relays its water power to about 85 per 
cent of its capacity. These customers are public service com- 
panies in general lighting and power business. 

The principal use made of the customers’ steam plants is for 
low water supplement although they are depended on for break- 
down relay as well. Two have only enough capacity to handle 
their own loads and operate only when required to help out the 
water power. The third furnishes during low water the supple- 
mental power required by the water power company in handling 
its other business. By an agreement with the first two customers 
the company furnishes them power at a price which warrants 
them in shutting down their steam plants, but does not require 
them to provide any additional capacity for the needs of the water 
power company. As the summer peak of the third coincident with 
the low water period is only half their winter requirements they 
can furnish all the relay required by the company also without 
additional equipment. The company pays the customer a 
kilowatt-hour rate sufficient to give him a reasonable profit, 
but without any additional installation charge. 

The two plants which are shut down when not required for 
relay can be started and pick up their loads in two or three 
hours. The third plant, operating continuously is always ready 
for breakdown relay duty. With the aid of forced draft kept 
for this purpose it can pick up two-thirds the capacity of the water 
power plantin twenty minutes. Similar apparatus now going 
into the other steam plants will enable them to pick up their 
loads in thirty or forty minutes. 

Each steam plant has a permanent organization sufficient 
to start up at any time. 

In carrying out plans for a very considerable increase in its 
present water power capacity the company expects to obtain 
from existing steam plants of new customers all additional steam 
relay required. In addition to above the company has a power 
interchange agreement with another hydroelectric system by 
which it takes from that system power up to about one-fifth of 
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the total demand and furnishes it low-water relay in return. 

Of the total annual output of the system a little over 20 per 
cent is furnished by steam including a small amount from the 
interconnected transmission system. 


A third important system including four water power plants 
aggregating 15,000 kw., operates three steam plants relaying the 
system to approximately 374 per cent of its capacity, and in 
addition has an interchange agreement with a customer operating 
both steam and water, from whom it can get up to 2000 kw. in 
prime power. 

The steam plants are used almost entirely for low water relay 
as far as possbile carrying the base load when operating. The 
secondary use of these plants is for breakdown and to relieve the 
waterpower plants of the daily peaks. The relay power is fur- 
nished part as lighting and part as railway current. The plants 
were already built when taken over by the waterpower system 
and furnish excellent low investment sources of power near the 
centers of their respective markets. 

In each active steam plant water is kept in one boiler and 
fires ready to kindle kept under enough boilers to enable the 
station to pick up its load. Ordinary disturbances are taken 
care of by duplication of transmission lines, and during bad thun- 
der storms low steam pressure is kept up. 

Substation operators form a nucleus of an operating organiza- 
tion for the steam plants, to be completed from carmen, linemen 
and. trackmen. 

The proportion of the company’s output generated by steam 
is approximately 5 per cent. 


A fourth system relays its water power to about 30 per cent of 
the capacity, of which about one-quarter comes froma customer. 
About one-half of the total annual output is generated by steam. 

A fifth system aggregating 6600 kw. in water power is relayed 
by steam to about one-quarter of this capacity. Owing to power 
obtained from another water power system the amount of steam 
generated by the company’s plant is very small. Of the above 
so-called ‘‘ steam ”’ power about one-quarter is oil driven. None 
of the customers’ plants is depended upon for relay. 


A sixth system developed to 12,000 kw. has a steam reserve, 
including customers’ equipment, of 3500 kw. or nearly 30 per 
cent, about one-third of which is obtained from customers 
plants. The reserve is confined entirely to breakdown and low 
water relay. . 
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One of the company’s steam plants is at the waterpower plant 
and the other at a substation, originally an independent plant. 
The chief customer’s plant is at the delivery end of a transmission 
line. 

Customers’ relay power is obtained on demand and paid for 
at a fixed rate per indicated h.p-hr. or per metered kw-hr. 
No special organization is maintained for handling the supple- 
mental capacity. Starting time is given as two hours. 


A seventh system, with 9000 kw. of water power and relayed 
to a small extent only, has contracted with another public service 
company operating a steam capacity of 16,000 kw. and a small 
water power auxiliary to take relay power during low water up 
to 4000 kw. and to furnish it in return secondary power when and 
in such quantities as it can be spared, the kilowatt-hour rates 
to be paid based on an interchange of power mutually beneficial, 
rather than for distinct profit to either. In this case the steam 
capacity is supplemental during low water and a breakdown 
relay at all times. The water plant is at one end of a duplicate 
transmission line and the steam plant at the other, while the load 
is distributed at several points along the line. 


An eighth system, one formerly depending chiefly on water 
power, has grown so in recent years that today water is of minor 
importance. Ten years ago the steam output amounted to only 
3,000,000 kw-hr. while the water power plant furnished 11,000-, 
000 kw-hr. per year. At that time the principal use of steam was 
for low-water relay, next, to carry the peak, and lastly, as break- 
down capacity. Today the steam capacity is 16,000 kw. and the 
water power only 2400 kw., the relative kilowatt-hour outputs 
of steam and water being in the ratio of 4:1. Under the inter- 
change power agreement with the seventh water power system 
previously spoken of, the steam output will be replaced to a 
large extent by additional water and in exchange will be held as 
reserve to supplement the water power during low-water periods. 


A ninth system, operating three water power plants aggregat- 
ing 5300 kw., is supplemented by steam to the extent of 900 
kw., or about one sixth. :The proportion of the company’s 
output generated by steam is about 5.5 per cent. In addition 
the company purchases 2500 kw. of power from a customer 
operating waterpower, who takes from another hydroelectric 
system which in-turn depends largely on its customers for steam 
relay. 
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Other systems, ranging in water power capacity from 10,000 
kw. to 1150 kw., are relayed in extent ranging from one-half 
to one-quarter of their respective capacities. 


The principal uses for their steam is for low-water and break- 
down, and to a less extent to help on peak load. None depends 
on its customers for steam power. Some keep banked fires, 
allowing them to start in from 15 to 30 minutes, and part require 
two hours or more to organize crews to start from cold boilers. 
One has a gas producer plant which has not yet been called into 
service, another an oil engine installation, and another is con- 
sidering oil firing for its boilers. 

Most of them keep skeleton crews ready among their hy- 
draulic plants and substations to be completed on call from other 
departments. 

With few exceptions, plants, either taken over in consolidation 
of properties, or rebuilt or extended, utilize existing installations 
or second hand apparatus, keeping down their idle investment, 
and those few exceptions are largely continuously-operating 
high-class plants belonging to customers or built for the purpose 
of high grade relay of relatively high annual output. 


TABLE SHOWING THE EXTENT OF SUPPLEMENTAL PLANT CAPACITY AND 
OUTPUT IN PER CENT OF WATER POWER CAPACITY 


Water power kw. Per cent steam Per cent steam 
capacity capacity output 
1 50,000 15 2.5 to 20 
2 5,000 85 20 
3 15,000 40 5 
4 12,000 30 50 
5 6,500 25 very small 
6 12,000 30 
a 9,000 50 (?) 
8 2,400 —_ 20 (formerly) 
9 11,400* (16,000 kw.) (present) 
10 R 5,300 17 55 


*Including customer’s plant. 


The general conclusions that may be drawn from the somewhat 
limited data at hand are: 

1. That steam relay is depended on in widely varying propor- 
tions of water power capacity, depending partly on the character 
and regulation of the streams, partly on the character of power 
demanded and more and more on the extent to which the systems 
are interconnected with others for the interchange of power. 
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2. That, on the whole, the companies have been successful 
in utilizing the existing steam capacity of their customers. 

3. That the principal uses to which supplemental capacity 
has been put are: 

(1) Relay for low-water 
(2) Breakdown 

(3) Peak capacity 

(4) Base load 

4. That the supplemental plants, being largely old plants 
belonging to companies formerly supplying their own indi- 
vidual markets, since consolidated into more or less comprehensive 
systems, are generally scattered among local centers of dis- 
tribution. 

5. That only in rare cases have provisions been made in special 
equipment or organization for quick starting, and that for this 
reason quick starts are rarely made. _In certain cases, however, 
where such relay is of importance, oil firing is being introduced, 
and in rarer cases gas and oil engines. 
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Discussion ON “THE COMBINED OPERATION OF STEAM AND 
Hyprautic PowER IN THE PENNSYLVANIA WATER AND 
PowER CoMPANY SYSTEM” (WALLS), AND “SUPPLEMENTAL 
PowER FOR HypROELECTRIC SYSTEMS” (VAUGHAN), PHIL- 
ADELPHIA, Pa., OcTOBER 11, 1915. 


A. S. Loizeaux: The Consolidated Gas, Electric Light 
and Power Company of Baltimore began taking power from 
the Pennsylvania Water and Power Company on October 
Ist, 1910, the contract calling for delivery of not less than 70 
million kw-hr. during the first year, with the demand of 13,333 
kw. That figure is obtained by taking two-thirds of the peak 
load on the station, which was 20 thousand at that time. The 
contract provided for an increase of energy in following year 
but not to exceed 105 million kw-hr. per year. A demon- 
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stration of the effect which Mr. Walls notes, that the develop- 
ment of water power exceeded the original contract provisions, 
is found in the fact that the consumption of the gas and electric 
company for 1915 will be about 165 million kw-hr., a quantity 
57 per cent greater than the maximum originally provided for. 

The growth of the company’s load has been very rapid since 
water power was available. Fig. 1 indicates that at that time 
a very rapid upward tendency was taken by the curve, which 
has continued ever since, so that in the five years since we 
began taking water power we have over two and one half times 
as great an output as the total output at that time. In other 
words, the company’s load to-day is 250 per cent of what it 
was in 1910. 

It will be seen that from the year 1910, when water power 
was first purchased, the growth has been much more rapid 
than before that date. This is accounted for by the fact that 
when large blocks of energy are available for sale without ad- 
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ditional capital outlay it is possible for the industrial power 
sales department to go after and procure such customers, 
who would not be procured if an addition to the generating 
station was first necessary. 

Mr. Walls gives a clear statement of the great advantages 
to be secured by cooperative measures on the part of a water 
power plant and its customers operating steam plants. This 
cooperation is vital to the success of the hydro plant in nearly 
all cases. The hydroelectric development is rare indeed that 
does not have to use steam auxiliaries for its maximum econo- 
mical development. 

It is sometimes difficult to justify the initial purchase of 
water power at usual rates by a system fully equipped with 
steam apparatus to carry its peak load; because fixed charges 
cannot be decreased, and operating costs only partly avoided 
by the use of water power. This condition changes, how- 
ever, aS soon as increased load is obtained, when the use of 
water power makes it unnecessary to invest capital in addi- 
tional steam equipment. It has been the experience in several 
cities that when hydro power has been available contracts 
for large blocks of power have been closed, and the selling of 
energy greatly stimulated, thus creating a market for the 
available energy without increasing the capital investment 
of the central station. 

Standby Operation. As Mr. Walls kas stated, stand-by 
operation is more necessary in the early days of a hydro plant 
than after conditions become settled. In Baltimore we kept 
a turbine running in the early stages of the use of water power; 
but for several years it has been found unnecessary to keep 
any generators on the bus for this purpose. A limited number 
of boilers are kept banked to carry the more important a-c. 
service in the event of interruption to water power. 

When an electric storm occurs generators are started and 
carry load until all danger of interruption is over. The d-c. 
distribution system is protected by storage battery. 

Several years ago oil burning equipment was installed to 
be used for emergency operation. It was found, however, 
to have drawbacks in operating, as well as cost, and the same 
or better results in quick steam generation have been obtained 
by the use of mechanical stokers and forced draft. 

Operating Conditions at High and Low Water Stages. It is 
interesting to note the reversal of operating conditions in periods 
of plentiful water compared with low water periods. 

When water is plentiful the hydro plant takes all available 
load up to its capacity in generating units. Mr. Vaughan 
mentioned this as existing in different plants. As I have 
said, when water is plentiful the hydro plant .will take all 
available load up to its capacity in generating units, pro- 
vided the load is available. This is shown in Fig. 2 of Mr. 
Walls’s paper. If there are peaks in the total load which are 
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higher than the generating capacity of the hydro plant, these 
peaks are taken by steam units which thus supply the neces- 
sary capacity with a small consumption of fuel, due to the 
short hour operation. Such peaks are shown above line “R” 
in Fig. 2 of Mr. Walls’s paper. , 

When water is low a reversed condition is obtained. The 
steam plants then operate 24 hr. per day at a high load factor, 
generating as much energy as is represented by the deficiency 
of water power at the time, as shown in Mr. Walls’s paper 
under the steam load line. The hydro plant carries the peaks, 
being able to store water 24 hours or more and ‘deliver its 
energy at such times as is called for by the load curve, over 
the horizontal line representing steam generator capacity in 
service. This gives an ideal steam operating condition, and 
a low cost for energy generated, while the water available 
is used with maximum effect. 

Character of Contracts. In contracts to provide for maximum 
cooperation between hydroelectric systems and purchasers, 
it will usually be desirable, instead of using a rate for energy 
and then charging for demand, which is the usual system, to 
fix two rates for energy: 

1. A primary rate based on the value of energy taken which 
can ordinarily be counted upon with regularity; and, (2), a 
secondary rate for energy which cannot be guaranteed but 
which is available except at times of low water flow. 

It will be seen by analyzing conditions that when a hydro . 
station has machine capacity much larger than the minimum 
river flow the hydro power is more valuable to the,steam com- 
pany than an increase in their steam equipment which could 
generate the same amount of energy during the 24 hours, 
or even with the prevailing load factor of the total load. The 
reason for this additional value is that in times of low water, 
when the minimum guaranteed power only is available, the 
steam plant can call for this energy on the peak. This energy 
would therefore be delivered at a very low load factor repre- 
senting several times the capacity of equipment that would 
be required to generate this amount of energy at the usual 
load factor. For instance, 10,000 kw. water power for 24 hours 
per day is equivalent to 240,000 kw-hr. daily. If a 10,000- 
kw. steam turbine were installed it could generate this amount 
of energy but would be good for only 10,000 kw. on peak load. 
The water power plant, however, if it had, as is usually the 
case, more generating capacity than the minimum flow ca- 
pacity, would be able to deliver 240,000 kw-hr. on peaks at 
40 per cent or even 20 per cent load factor, equivalent respec- 
tively to 25,000 or 50,000 kw. capacity. It is evident that the 
energy delivered in this manner has a much higher value than 
the energy available from a 10,000-kw. unit, because it makes 
unnecessary the installation of 25,000 or 50,000 kw. in steam 
capacity. 
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This secondary rate should be based on the cost of fuel and 
operation in the steam plants. The operation including labor, 
superintendence, water, lubricants, station supplies, expense 
and maintenance on steam and electric equipment and build- 
ings. It should not include fixed charges on investment. 
This is virtually the equivalent of the steam generating cost 
under whatever conditions may obtain. It will readily be 
seen that the demand charge under the plant conditions de- 
scribed would prohibit the method of operation described 
for low water periods, as illustrated by Fig. 4 of Mr. Walls’s 
paper. The basic idea in the establishment of a secondary 
rate is that it is better to use water when it is available than 
to purchase coal and allow the water to waste. The profit 
resulting from such operation should, of course, be equitably 
divided between the producer and consumer. 

Emergency Operation. The contract should be such that all 
possible help in time of emergency should be given to the 
party in trouble. It would be shortsighted to withhold any 
‘help within the power of either company during emergency 
because steam plants, as well as hydro plants, are subject to 
occasional collapses due to unforeseen and abnormal conditions. 
A break. in a steam header or burn-out in main duct line will 
cripple a steam plant temporarily, while needle ice may shut 
down the hydro plant. In any such event all resources that 
can be commanded should be utilized to supply existing load. 

Energy supplied during emergency conditions should be 
billed at the reasonable cost of meeting these conditions, which 
it may be impossible to specify in the contract except in these 
terms. The most frequent use of extraordinary power in 
the system under consideration has been energy generated 
at times of storms. This energy in most cases has not been 
actually necessary but was generated in order to have prime 
movers actually on the line in the event of trouble. The 
excess cost of such operation over the price paid for energy 
should be borne by the hydro plant. 

It will be noted that the methods of cooperation recommended 
are practical means of carrying out conservation of water 
power, and therefore of coal. The electrical industry is com- 
mitted to the principle of the conservation of our national re- 
sources. Leaders in the industry are cooperating with others in 
having the government make reasonable regulations encourag- 
ing instead of discouraging water power development, and it 
is a cause of much satisfaction to the engineer to be able to 
actually conserve either by the development of water power 
or by using hydroelectric power, when its use is attended with 
operating economies and benefits to his company. 

It will be seen from these remarks that water power for 
at least a part of the systems’ total load has real advantages 
to the steam central stations in reducing, first, peak loads; 
second, serving as reserve for emergency conditions; and, 
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third, what is more important, showing a profit in operation 
which increases as the load increases. This saving is largely 
in the nature of the limiting of capital invested. 

The steam relay and the variable amount, in per cent, 
of the steam-relayed power, naturally depends upon the 
character of the load. No company could afford to take 
any chances with general power and lighting; they have 
to provide relay. When it comes to other classes, in Balti- 
more, for instance, there is a copper smelting company that 
refines copper electrically, with a load of over 6000 kw. con- 
tinuous, and if their power is shut off it simply means 
that the power is not sold and some labor lost, but not a large 
labor loss in comparison with the value of the energy. Now, 
it would not pay to provide separate relay equipment for 
carrying that particular load. The electric load may or 
may not be of such a character as would pay for relay power. 
So that the nature of the load, whether it involves large 
amounts of labor or the convenience of the public, will deter- 
mine how much-relay power must be carried in each case. 

Mr. Birkhinhine: I think the papers brought out by Mr. 
Walls and Mr. Vaughan gave a very clear idea of the eco- 
nomical limiting of water power development, which is a thing 
of prime importance in any project. 

The Pennsylvania Power Company was not only selling 
power to whoever would buy, it was selling power to a man 
who wanted it and making that sale a return to the company 
buying up the load. I think the last unit installed was the 
third largest one since the plant was first in normal opera- 
tion, and provision is still there for another. The practise is 
generally followed now, apparently, of leaving uncompleted 
space so that the structure can be continued and units put 
in when warranted. 

In Mr. Vaughan’s paper there was mentioned the supple- 
mental capacity required for standby or for small annual out- 
put that is to be used to produce kw. capacity and not kw- 
hr. output. I want to ask Mr. Vaughan how he determined 
the value of steam as a base load, and in favor of water power 
as peak load, and so to get his answer I will take the opposite 
viewpoint. If on Fig. 3, beginning at 6 a.m. and running to 
8 p.m., the steam plant carries 3000 kw. right straight across, 
there is a total of 42,000 kw-hr. by steam, which is spread over 
practically the same number of hours as in the curve originally 
shown, but it is uniformly low; in other words, on the steam 
plant for 14 hours, and the fluctuating loads and the peaks 
are carried on the water power. That is further brought 
out in Fig. 4, on the next page, by looking at the curve for the 
low water. There is a steam usage of about 2300 kw. and of 
course the peak on the water power is-then between that and 
nine thousand. 


Now applying a similar case, on the normal load curve, 


1915] DISCUSSION AT PHILADELPHIA 2387 


the steam plant runs from about 3:45 until 8:15 on a load that 
builds up and then runs down again. If that had been a 
2600-kw. steam output from one o’clock to nine o’clock 
there would also have been a 100 per cent load factor. These, 
of course, as Mr. Vaughan has said, are purely imaginary curves. 
Both papers bring out very clearly the special conditions 
that come into the enterprise, that is, instead of building 
a new plant, making the best. use of plants that exist, and 
as Mr. Vaughan’s paper says, in some cases practically obso- 
lete machinery is found to be economically usable and can save 
money. ; 

J. F. Vaughan: Mr. Loizeaux mentioned oil firing. The 
company spoken of in the first paper as using oil firing in stand- 
by work has had sufficiently satisfactory results to warrant 
_ their equipping a second ‘plant with oil firing. In connection 
with the subject of quick firing, the method used by the Union 
Light and Power Company of St. Louis, who take the bulk 
of their power from Keokuk (the Mississippi River Power 
Company) is interesting. Before Mississippi river power was 
delivered a member of the St. Louis company expressed his 
doubt as to the reliability of transmitted power and the 
fear that they would have to maintain heavy stand-by expense 
to properly relay it. Since power has been delivered, however, ° 
he has expressed his gratification and confidence in it, and 
has become enthusiastic over a method of quick starting which 
he has developed. This method is keeping the water in cer- 
tain of the boilers at about 212 deg. fahr., by a small heating boiler 
placed in the basement of the power house underneath the 
main boilers, and Jaying on the main grates a fire of care- 
fully selected coal, interlaced with kindling and oily rags, 
all ready to light in emergency. He states that by this method 
he can pick up 15 thousand kw. of load in fifteen minutes. 

As to water power taking the base or peak of the load, this 
depends, as both Mr. Loizeaux and Mr. Birkhinhine have 
pointed out, very largely on the shape of the load curve and 
on the character of the water power. It depends further on 
the investment in the supplemental plant and the fixed charges 
in such plant that must be charged against the water power. 

In a number of the cases cited in New England the fixed 
charges on the steam plants are not chargeable to the water 
power, because they are on plants already existing whose 
charges are already carried in other ways. An interesting 
case of the cooperation between a water power plant and a 
steam plant in which existing steam investment in both water 
and steam plants is used to best advantage, is mentioned in 
the second paper as the 7th and 8th systems. The 7th system 
having 9000 kw. of water power, controlling a sufficient 
pondage to enable them to concentrate their output during 
low water within a portion of the day, in this way carries the 
peak of the load of the 8th system, which is connected to it 
on the other end of a transmission line. 
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The shortening of the hours of operation during low water 
enables such a water power plant to save labor by cutting out 
a shift of operatives. The arrangement between these two 
connected systems allows the steam plant to take advantage 
of the full pondage and storage capacity of the water power 
plant, and enables the water power plant to run at a very 
high load factor when there is plenty of water, saving coal on 
the steam-operated system. 

Mr. Birkhinhine spoke of a steam plant operating to carry 
the base of the load. It is evident where the fixed charges of 
an existing steam plant do not come on the water power that 
the steam plant can be used to good advantage to carry either 
the peak of the water power load or a part of the hours of the 
daily duty of the water power, enabling the water power plant 
to save a shift. 

In closing I wish to say that the papers and discussion have 
brought out clearly that the operation of steam plants as 
auxiliary to water power plants is more than a purely technical 
subject; it is possibly as much a problem for the contract agent 
as for the designing engineer. Nor can it receive too much at- 
tention from the operating management in organizing the op- 
erating force and in training the men in the emergency use of 
their auxiliary or supplementary capacity. 

In recent years, as transmitted water power has become 
more reliable, the natural distrust of such service has diminished. 
Today it is the duty of the operating company to establish 
confidence, complete confidence by simplicity in contracts and 
agreements and straightforward, fair dealing. 

We have produced reliability in the generation and de- 
livery of power; now we want the same reliability in the de- 
veloping and holding of our markets. 


Presented at the 313th Meeting of the American 
Institute of Electrical Engineers, Philadelphia, 
Pa., October 11, 1915. 
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CONSTRUCTION ELEMENTS OF THE TALLULAH FALLS 
DEVELOPMENT 


-BY CHARLES G. ADSIT 
ASSISTED BY W. P. HAMMOND 


ABSTRACT OF PAPER 


The paper gives a very complete description of the Tallulah 
Falls hydroelectric development, which is of interest as being 
one of the highest head water power plants in the world. It 
was designed to supply electric power to the greater part of the 
State of Georgia. The paper includes complete unit costs of the 
various items of construction. 


HE CONSTRUCTION of the Tallulah Falls hydroelectric 
development has some particular interest attached to 
it as being the highest head hydroelectric plant east of the 
Mississippi River, and one of the highest in the world using water 
power turbines. This development is situated on the eastern 
slope of the Blue Ridge mountains in Rabun and Habersham 
Counties in North Georgia and was placed in operation during 
September, 1913, having been under construction at that time 
for a period of 23 years. The head under which the plant 
operates is 606 ft., which is obtained by the natural fall of the 
Tallulah river and the 110-ft. dam. The entire development 
is in the Tallulah River basin, this river being a tributary to 
the Savannah and rising in the Blue Ridge mountains of North 
Georgia. The drainage area above the Tallulah diversion dam 
is 190 square miles, all of which is very heavily timbered and 
from which an apparently abnormal annual run-off occurs. 
The rainfall on this water shed ranges from 65 to 80 inches per 
annum, which with the storage reservoir and the present in- 
stallation allows the development to use an average of two 
ft. per second per square mile run-off throughout the year. 
The river is subject to frequent floods during the spring season 
from 5000 to 8000 second-feet, the maximum ever recorded 
being 15,000 second-feet in March 1912. 
The purpose of the development is to supply the greater 
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portion of the state of Georgia with power, with Atlanta and 
vicinity as the principal market. 

A general description of the development involves a des- 
cription of a number of construction details. 

In order to carry out the development, it was deemed ad- 
visable to install a small power plant at one of the falls in the 
Tallulah river in order to furnish compressed air and electrical 
energy for lighting and power purposes during construction. 
This small plant included the installation of two water-driven 
air compressors of 2500 cu. ft. capacity-for compressing the 
air to 110 lb. per sq. in., and two 50-kw., 2300-volt, three-phase, 
60-cycle generators, also water-driven. In addition to this 
equipment it was later found necessary to install an 1825-cu. 
ft. compressor driven by steam and located at the lower end 
of the works farthest from the water driven plant. The air 
was then used for all power purposes except lighting, at the 
main dam, tunnel, forebay, penstocks and power house. This 
small plant operated under a 40-ft. head and was entirely re- 
moved after the construction work was completed. 

To assist in the construction it was necessary to build three 
spur tracks from the main line of the railroad serving this sec- 
tion, the one in connection with the Mathis dam being 14 
miles in length, the one at the intake dam } mile in length 
and the oné to the forebay above the power house about one 
mile. : 

‘The development consists essentially of an artificial reser- 
voir of a capacity of 1,400,000,000 cu. ft. formed by two rein- 
forced concrete buttress dams located near Mathis, Ga., seven 
miles above the diverting dam and intake at Tallulah Falls; 
an artificial reservoir at Tallulah Falls having an available 
pondage of 63,000,000 cu. ft. formed by a cyclopean masonry 
dam of the gravity type located some 60 ft. below the tunnel 
intake; a tunnel with a cross sectional area of 151 sq. ft. 6666 
ft. long leading from the intake at the Tallulah reservoir to— 
the surge or pressure tank at the top of the gorge immediately 
above the power house; five steel penstocks 5 ft. in diameter, 
each of which serves a 17,000-h.p. Francis type water turbine 
in the power house. Five three-phase, 60-cycle, 6600-volt 
vertical generators are direct-connected to these waterwheels. 

The electrical energy from these machines is stepped up 
from 6600 volts to 110,000 volts for transmission by five banks 
of three 3333-kw. single-phase static transformers of the water- 
cooled type. 
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The power house consists of a main generating building and 
a transformer and switch building, both buildings being of con- 
crete substructure and steel and brick superstructure. 

The power is transmitted from this plant over two trunk 
lines, one leading to Atlanta, a distance of 87.2 miles, and the 
other to Greenville, §. C., 60 miles. The Atlanta line is carried 
on steel towers and consists of two three-phase circuits of 4/0 
copper conductors on suspension type insulators, with a 7/16- 
in. steel strand ground wire, above each circuit, the four wires 
being arranged in a vertical plane with 9-ft. centers between 
the power conductors. On the Atlanta end of this line is 
located a large outdoor type substation of 60,000-kw. capacity, 
from which both high- and low-tension distribution is made. 
There is also connected to this main trunk line at Gainesville, 
Ga., a station half-way between Tallulah and Atlanta, a 1500- 
kw. outdoor type substation for distributing low-tension power 
to the city of Gainesville and adjacent territory. From the 
Atlanta substation, a 110,000-volt line extends to Newnan, 
Ga., a small town 42.1 miles southwest of Atlanta, and to 
Lindale, Ga., 69.2 miles northwest, where connection is made 
with the high-tension system of the Tennessee Power Company. 

Both of these lines are strung on steel towers provided for 
double circuits, but at present only one circuit has been installed 
on each line. The conductors are 2/0 copper, and the ground 
Wire j-in. steel strand, the arrangement being essentially the 
same as on the Tallulah-Atlanta line. The capacity of the 
Newnan station is 3000 kw., and of the Lindale 6000 kw. ~There 
has already been constructed along the Atlanta-Lindale line, 
two outdoor type substations, one at Marietta, Ga., 16.8 miles 
from Atlanta, of 3000-kw. capacity, and one at Cartersville, 
Ga., 23.3 miles beyond Marietta, of the same capacity, while 
provisions have been made in the way of steel switching frames 
at a number of other points along both of these lines for similar 
installations, and for doubling the capacity of those stations 
already in operation when the demand justifies doing so. A’ 
number of low-tension lines also emanate from the Boulevard 
station at Atlanta for supplying power to the various mills 
and other stations located in that vicinity. 

In order to treat of the development from a construction 
standpoint, it will be necessary of course to take up the above 
elements individually and give a closer description under the 
separate headings. 
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Maruis Dams 


The construction of the Mathis dams was for the purpose of 
impounding sufficient water to carry the Tallulah Falls station 
through the dry months of the year, usually September, October 
and a part of November. These dams form a pond or lake 
some 10 miles long with 26 miles of shore line and of a capacity 
of 1,400,000,000 cu. ft. The reservoir covers 834 acres, most of 
which was heavily timbered prior to the construction period. 
Both dams are of reinforced concrete construction as shown in 
the accompanying illustrations, Figs. 2, 3, and 4, and consist of 
heavy reinforced buttresses with a deck on the upstream face 
at an angle of 45 degrees. The largest dam is in the Tallulah 
river six and one-half miles above the intake at Tallulah falls, 


Fic. 2—Matuis DamM—SPILLWAY SECTION 


and is 660 ft. in length, 93 ft. high to the crest of the spillway 
concrete and 114 ft. to the top walkway. The other dam isa 
much smaller one and was made necessary by a depression in 
the hills about 1000 ft. above the larger dam. This dam is of 
similar construction, with the exception that it was necessary to 
lay a heavy reinforced concrete mattress over the entire dam 
foundation, in order to carry the stresses imposed on the founda- 
tion by the buttresses. The rock encountered at this dam was 
badly weathered, shattered and so full of micaceous material 
that it was not deemed advisable to depend solely on the area 
of the buttress footings for support. The cut-off wall was 
. carried through this bad ground to a depth of 50 ft. below the 
pase of the dam; this wall being also reinforced. The specifica- 
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-tions called for a 1-3-6 concrete mixture with aggregate pass- 
ing a 24-in. mesh screen for all floors, buttresses and abutments, 
and a 1-2-4 mixture with two-inch aggregate in all decks, crests 
and aprons. The reinforced steel was used of the “ corrugated 
bar’ type. The quantities involved in the construction of these 
two dams were 2,200,000 lb. of steel reinforcing, and 38,000 
cu. yd. of concrete: 

A power house (Fig. 5) was constructed in the main dam to 
take advantage of the flow of water through this dam and add 
the additional power thus produced to the output of the main 
generating station. This power house is of concrete substruc- 
ture and brick and steel superstructure, and has space for the 
installation of two 3000-kw. horizontal water-driven generators. 


ate Valve 


Fic. 3—Maturs DAmM—SECTION THROUGH SLUICEWAY, 


The main dam has a spillway section 256 ft. in length and in 
order to impound more water is fitted at this section with flash- 
boards six ft. high above the concrete crest of the dam. The 
flashboards are built in sections 16 ft. in length with concrete 
piers between, seven sections of which are automatic and so 
designed as to retain the pond level at a constant elevation regard- 
less of flood conditions, within certain limits. There are in ad- 
dition to these seven automatic flashboards, nine hand-operated 
ones, which are similar to the automatic boards except that they 
are raised or lowered only by manual operation. 

The entire reservoir was cleared of timber, brush and other 
debris before impounding began, at a cost of $21 per acre, repre- 
sented by $8.35 for cutting and $12.65 for gathering and burning. 
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The following figures give the tabulated cost per cubic yard 
_ of these two dams: 


Pitas Viv sribesch scatters ms weet eek $ 1.611 
Crushing and mixing......... 0.818 
Freight‘and” engine service...) ee, 1.110 
Maite Incinoycencretotes exc! $e chest iiek ws Gorneale ae 0.744 
Sta Oe etic int Mies Welahod yeth gc Pin ti ey ks 1.447 
Placing reinforcement..... 0.823 
Rahotn. ae otetion: tao inhi sores: aterraine, 4d). Dlkas 3.746 
Cement 2.000 
pe Cner ern, Sane gey, Bel I SIRE TLE AOE UU, | 0.126 
Plant, erecting and maintenance................... 1.496 
MMA tOOls ang supplMess,cprescie dwelt een oss co 1.123 
ER OA SR CE PR mre, 1.034 
Miscellaneous expenditures..... 1.617 
Superintendence and overhead..... 1.443 
Oe ayaa SAGA Pe ac ey GIO cs Shade EL. Ls ee $19 .915 


It should be stated, however, in connection with these figures, 
that the construction of these dams was attended’ with consider- 
able legal trouble and interference. Also a change of design of 
many portions after the work was well along. The. work was 
first undertaken under contract, but was given up by the con- 
tractors before it had been completed, and considerable time was 
then lost and unnecessary expense incurred which shows up in 
the yardage cost. The first contractors on this dam attempted 
to find satisfactory rock for concreteat thedamsite, but the quality 
of material coming from this quarry was very unsatisfactory. 
The nearest point at which good material could be found was the 
quarry at Tallulah Falls, which had been used in connection with 
the construction of the intake dam, and the greater portion of the 
rock for the two Mathis dams was then secured at this place, which 
involved the handling by rail over a distance of some seven miles. 


Tue Divertinc Dam 

The diverting dam, a section of which is shown in Fig. 6, is 
of the gravity type and built of cyclopean masonry, heavy stone ~ 
forming a little over one-third of the mass, and concrete mixture 
the other two-thirds, of the composition 1-3-5. This damis110_ 
ft. high from the stream datum and has a length of 426 ft. It is 
built on a curved plan with a radius of 900 ft., and has a spill- 
way section of 280 ft. in length, made up of ten 28-ft. openings 
between concrete piers which support a highway bridge across 
the top. Fig. 7 shows automatic flashboards 6 ft. high that are 
installed between six of these concrete piers for maintaining the 
crest of the pond at a given elevation within certain flood limits. 
The other four openings are fitted with stationary boards so 
designed as to give way entirely should a flood ever occur that 
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the automatic boards cannot take ‘care of. There are two 
five-ft. sluice ways in the dam, 65 ft. below the crest, which in 
addition to the spillway gives an overflow capacity of something 
less than 20,000 second-ft. The flashboards have been found to 
operate with a change of three inches inthe water elevation of the 
pond. It was necessary in the construction of these flashboards, 
Fig. 8, to build the concrete weights or rollers in place, each 
weighing 34,000 lb., which are attached to the flashboards with 
two steel cables. These weights travel on an inclined track, 


POS Ye el 


Fic. 6—Cross-SEcTION OF INTAKE Dam 


each end being supported by a geared sprocket fitting into racks 
along the track which prevent the rollers or weights from turning 
without moving along the track. 

There were used in the construction of this dam 39,000 cu. 
yd. of concrete which was placed by the contractors at a price of 
$4.80 per cu. yd., the construction of the bridge piers and flash- 
boards being additional to this amount. The cement used was 
furnished to the contractors for $1.80 per barrel, less 10 cents 
for the return of each sack. The contract price for the excava- 
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tion work in the dam foundation was $1.50 per cu. yd. regardless 
of whether wet or dry. It is the opinion of the writer that the 
cyclopean masonry actually cost the contractors about $3.70 
per yd. 


: In analyzing this cost, several facts should be borne in 
mind; the quarry for all stone was within 300 ft. of the structure, 


all sand used was rolled from this rock, and no material entering 
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the structure had to be transported except the cement and rein- 
forcing. ; 


The bridge on top of the dam is constructed of steel girders 


spanning the piers with reinforced concrete deck and railing, 
the steel girders being afterwards encased in concrete. 


It might be interesting to note that while the contract speci- 
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fications called for 334 per cent large rock in the construction 
of this dam, the actual percentage in the finished structure was 
found to be 34 per cent. 

The construction of the dam was commenced in August 
1911 and the first concrete poured late in October, the con- 
struction then continued at the rate of 1000 cu. yd. per week 
until completed. Little difficulty was encountered during this 
period, with the exception of one flood during March 1912, which 
overflowed the work, notwithstanding the provision of two 
12-ft. square flood openings in the base of the dam. This 
flood washed away about 250 cu. yd. of concrete which had 
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Fic. 9—TunneEL INTAKE 


not sufficiently set to withstand the action of the water. No 
provision was made in the dam for expansion and contraction, 
the cracks resulting from this action being left to form of their 
own accord. .During the construction period the temperature 
ranged from 110 deg. to 10 deg. fahr., and only two tempera- 
ture cracks developed, neither of which leaked. 


THE INTAKE 
The intake as shown in Figs. 9 and 10 is a self-contained, 
reinforced concrete structure designed to withstand the stresses 
due to hydrostatic pressure when the pond is at its maximum 
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elevation and the intake empty, the rock at this point being 
badly weathered and thoroughly broken. In order to increase 
the strength of the structure it was designed in five bays with 
arched dividing walls, the construction involving about 7000 
cu. yd. of excavation, mostly rock, and 2670 cu. yd. of concrete. 
The reinforcing consists of heavy steel beams .and j-in. round 
rods spaced on three-inch centers. 

There are included in the structure five 8ft. by 10 ft. intake 
gates operated by hand hoists. Coarse racks are placed out- 
side these gates to take care of heavy material, and additional 
finer racks made up of 2-in. by 4-in. flat bars spaced 1} in. 
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Fic. 10—TuNNEL INTAKE 


apart are placed on an angle inside the gates. An automatic 
rack cleaning device in three of the bays consists of rakes 
operated on an endless chain driven by an electric motor through 
worm gearing. These rakes are driven at a speed of three 
feet per minute, and each rake designed to lift 100 lb..per lineal 
foot. It is interesting to note at this point that none of these 
racks have ever been cleaned, no debris having ever been found 
within the gates. The apparent reason for this is, that the gates 
are about 25 ft. below the elevation of the water in the pond, 
so that no floating material ever reaches the action of the in- 
rushing water. The head gates are built up of riveted steel 
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plates and beams with bronze sliding strips. The detailed cost 
of excavation and concrete for the intake is as follows: 


EXCAVATIONS aLumbers) "a. See, $0.974 per cu. yd. 
BX plosives tah co aa cule oe 0.06 
Miscellaneous supplies........ 0.123 
Dransportation: naan ne 0.071 
Liability insurance........... 0.049 
Removing debris... |e 0.235 
Total .).t7 4.00.0 oe eee $1.517 

CONCRETE:© Labor $9302 bee ee $3 .902 
Cement heel cepa adenine Ree el POSS 
Lumbero ek cc de ee a Oe 
Freight: %oa.. 0, ope eae 0.042 
Transportation ..... 0.203 
Liability insurance........... 0.136 
Brectionsof plant ea... os 0.400 
Crusher, 3 ar iviey, oe eee 1.280 
Miscellaneous supplies........ 205 
Removing debris............ 0.086 
Total et 5, eee $9.03 


THE TUNNEL 


Beginning at the intake, a concrete-lined tunnel, 6666 ft. 
long, having a net area of 151 sq. ft. inside the concrete lining, 
conveys the water to the surge or pressure tank located at 
the upper end of the penstocks. A circular section might have 
been more favorable for serving the purpose, but as no ex- 
tremely high hydrostatic pressure was anticipated, a section as 
shown in Fig. 11 was adopted; this form being much easier to 
excavate and line with concrete than a circular section. This 
tunnel was driven on a grade of two ft. drop per 1000, or 0.2 
per cent. The tunnel was driven as near the gorge as it was 
possible to construct it with safety, and it was found desirable 
to facilitate the excavating and lining by driving three adits 
from the tunnel line to the side of the gorge, and sink one shaft 
from the surface of the ground down to the tunnel line, 110 ft. 
These adits were 7 ft. high and 15 ft. wide, the longest one 217 
ft. and the shortest one 105 ft. Throughout its length, a hard 
micaceous quartzite, was encountered in the tunnel excavation, 
the stratification dipping down stream at an angle of about 22 
deg. from the horizontal. This rock was of highly crystalline 
nature and extremely abrasive, the drill bits usually losing about 
2 in. of their diameter per foot of hole. During the first part 
of the construction work 33-in, piston drills driven by compressed 
air were used but the progress was so slow, especially in the dry 
holes, as to make a change of drilling equipment imperative; 
the use of 100 pieces of drill steel for one dry hole not being 
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infrequent. Water core hammer drills were then substituted 
for the piston drills and twice the progress made, which proved 
the salvation of the tunnel construction. The use of approxi- 
mately 15 lb. of drill steel per lineal foot of tunnel is also an in- 
dication of the extreme drilling conditions which were met with. 
About 75 per cent of the tunnel was driven by the top-heading 
method, but the direction work 
was partially taken out of the 
contractor’s hands, and the lower 
heading or stopping method 
instituted on the remainder of 
the work. A comparison of 
the cost of the two methods 
shows a difference of 52 cents per 
cubic yard in favor of the latter. 
The lower-heading method al- 
lowed a much greater progress, 
as it did not involve pulling 
of the ground in the tunnel arch, 
nor did it involve the double 
Piet ee Ger SECON drilling which was necessary to 
remove the bench left by. the 
upper heading method. A detailed comparison of the cost of 
the two methods is given in the following tables: 


Cost per cubic yard 


Items Stoping Bench 

work work 

aOR ere othe xh d 2 ose ss teenie «esther tore os ters 2.415 $2 .965 
Superintendent and walking bosses...... 0.141 0.067 
Generalzexpenses ait. nvii ater betece nora 0.036 0.101 
CHT CSN OTROS SRA ¢ AOS alae 0.103 0.085 
DLOLELOOMMTORGE eat cas eA cael ors ene 0.027 0.028 
FNC ALBIN Clin apeieeanel pack saha-- cath acrcnesocurne 0.115 0.102 
CaTPemLENS mem aercn MaGCeot seuss vtheg vtech, 0.053 0.050 
Dynamite: paca eee. a eetceas tomes « 0.0329 0.416 
EP OG On5 agitate aneatpio weds Sostcteen arma aie 0.029 0.038 
Connectin ca wiles arse kc cae aes 0.015 0.014 
Kerosine.. Pe DAA ELM ae pe ae 0.002 0.002 
Lubricating Ae oe ee rae 0.013 0.012 
DaMapim MMA SM ry ata ase te ketal sams, 0.002 0.002 
Lamps NPA a eer ee 0.011 0.010 
Binias and ‘fittings. RBs Plots Paced eB feaic 0.015 0.029 
Drill repairs. . Saas APE DATE 0.204 0.095 
Miscellaneous supplies. NE aa tis HOE mtn 0.041 0.063 
Drill steel.. aH 0.107 0.080 
Blacksmith coal... ..-¢....08s... 0002 0.027 0.027 
LOLS Hit Meteor seme Pe Lees ee ee oe 0.063 0.079 
CC Ci wit Sen eh Mace dece a Pos ee emt SI coh. Bras 0.031 0.050 


Total a aes aes aa. eee ks $3 .779 $4.315 
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The unit cost of excavating 39,831 yd. of this tunnel was 
as follows: 


Wao ty on. acco a tow ae tice a ons el ep eS 


$3 .833 per cubic yard. 
EEX PlOSLViES . t wnare eee Ae Aull eee 0.604 
ILubricantsa.c ieee ee 0.019 
Pippin oorte ois Lees 0.026 
Drill repairs. aie Saas ee, ee Oe 
Miscellaneous supplies.(y.jf).0:..5.... — 0.237 
ISTCtO LG. cpg eee ds watts te oie ane ee 0.087 
(Prats POTLATLON nie eee enn ieee 0.247 
Liability (insurance: stiowtizngs, -. 5.4 soelet 
Miscellaneousicharcesie sae) sem hens. 0.066 
Depreciation on equipment........... 0.150 
Powervee:.. onal tied trelitens oa 0.306 
‘POtal ke acs pote tee eae EMT $5 . 928 


The total excavation for the tunnel amounted to 56,000 
cu. yd 
The concrete lining of the tunnel called for the placing of 
18,966 cu. yd. of concrete of a 1-3-5 mixture, the rock not to 
exceed two inches in size. In considering the best methods for 
lining a tunnel of this small cross-section, it was decided that steel 
forms should be used, and it was afterwards decided to place the 
concrete by a method involving the mixing and transporting of 
the concrete by compressed air through eight inch diameter spiral 
galvanized pipe. The concrete when mixed and placed in this 
manner was at times conveyed as far as 1000 ft. from the mixer 
through the eight-inch pipeand gave very good results as to quality 
of lining. It was found however that the forms were not of the 
exactly proper design to facilitate moving, as the space between 
the rock and the forms was so small as to make their movements 
difficult. The forms were not designed so that one section could 
be carried through the other,- with the result that unconcreted 
space had to be left between the various form sections which 
involved a large amount of difficult bulkheading. It was found 
that great care had to be exercised to prevent the formation of 
voids in the lining, this being principally due to its relatively small 
thickness. A total length of 240 lineal feet of steel forms was 
used with three pneumatic mixing and placing machines. The 
side walls and arch were first completed,and then the invertor tun- 
_nel floor laid. The progress on the sidewalls and arch amounted 
to approximately 200 lineal feet per week or 434 cu. yd., and the 
progress in laying the invert was at the rate of 800 ft. per week 
or approximately 544 cu. yd. The unit cost of the concrete lin- 
ing was as follows; 
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Mab ork ares. $5.061 
i eee go he an eb ae es ee 1.970 
Miscellaneous materials: ove. 6 fst Pe Rt Ok OC 
Buren tet fas. berttosly snirlas fee tot eels. 5 Sous. 0.136 
eee es ee ee eee. eed te at ye 0.065 
SETALSDOLEA COLA cet ak ee Sek ee ae 0.155 
MBIT INSTANCE. A a. ndiveehdedhe odors bl red wlerwelcn 0.165 
OVoN Om DIRere es ee et pee eh AE 
IMiseellane ous COSts cs ok ene ee ee aS ATE 0.245 
OXASMIN ST Stone. Mice duel anon. oo cat. 2 OLA 1.991 
oaer vine Stoner — ae three kad. a | OSES 
i IDS ERS Aah cases Ge kat, Gone Chea SRO GUTS EER Sue EO 0.202 
Ole ge CUD RCL Be Gr ai Vopr s acs 1 aM mph e th 0.376 
TRS EE SIUS he threes ak eaten Geo ice a RET eS DER ab $12 .042 


The materials for lining the tunnel were taken in at three 
places, viz: the forebay, shaft No. 4, and adit No. 3, as the rock 
suitable for this purpose was available at these places. Little 
of the material excavated in the tunnel could be used for the 
lining, the adits through which the waste was taken out opening 
on the gorge side where there was no available space for storage. ~ 
A quarry was subsequently opened at adit No. 3, and from this 
point at least 80 per cent of the aggregate material used in the 
tunnel lining was obtained. All sand used was rolled from the 
rock so that only the cement and supplies had to be transported. 

The specifications called for the entire tunnel to be grouted 
with grout consisting of one part of cement to 13 parts ofsand. 
Grout and vent pipes 13 in. in diameter were provided in the 
tunnel arch at other places where necessary, 15 ft. apart, more or 
less. Four grouting machines were constructed and used with 
compressed air under a pressure of about 60 lb. per sq. in., 
and no trouble experienced in the grouting except that at some 
places considerably more material was used than was anticipated 
would be necessary. The cost of the grouting was $1.436 cu. 
yd. of concrete lining, made up of the following unit figures: 


Cost per 
Cost per lineal square 

Item. foot of tunnel. foot lining. 
dey HOSA eo ee cA Bucks eee Mca ee eee $2.209 $0.0491 
SCmeniaerc: Met et ee 1.649 0.0367 
WknanSporta tomy.) dng Age hee eat a 0.001 0.0002 
ial tive Sram Cen ae ayes oR sa 0.065 0.0014 
Muscellaneous’ suppliest +). 12.2. 2 aes 0.155 0.0034 


$4.079  $0.0908 


After the completion of the tunnel, two of the adits were closed 
with concrete barriers, adit No. 3 being fitted with a steel door 
set in concrete so that future access to the tunnel may be had 
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through this adit if desired. Shaft No. 4 was concrete lined and 
carried some ten feet above the ground and screened over so that 
access may be had at this point when desired, and also to furnish 
an additional surge point for the relief of pressure within the 
tunnel. 

The following figures give the approximate total cost of the 
tunnel per lineal foot: 


EXCAVAtiONs fase we vis ohm ats ons ya ec eee Coe Ae 
Concrete diningis .”e4jeers + 2.2 ne ee eee 34.20 
Grombin gy amen a ciecccla ss Ck tet ee eee ee ee 1.43 
Aditsiand@sghalts sore: cc ase ee ee ee 1.91 
Compressor plants, spur tracks and operation........ 8.99 
Stecl forms Mees toomen loch as act eee ee 2.94 
Total? sant s  Be e e Oe e e  , eee $93 .91 


It will be noted that notwithstanding the high cost of the 
concrete lining, the total cost of the tunnel compares favorably 
with that of other developments. Fig. 12 shows the completed 
tunnel. 

FOREBAY 


At the lower end of the tunnel, the forebay, Fig. 13, or surge 
tank is located, which is of reinforced concrete structure. The 
reinforcement consists of heavy steel girders and plates, as used 
in steel building construction, latticed with various sizes of 
steelrods. There were some 700 tons of steel reinforcement used 
in the construction of this tank, which was necessary on account 
of the character of the rock at the location, and the proximity 
of same to the side of the gorge, this ground not being deemed 
of sufficient strength to be depended upon in caring for any of 
the hydrostatic pressure due to a surge or the static condition. 
The tank was therefore made entirely self contained from a 
pressure standpoint. 

This tank is 30 by 70 ft., and 95 ft. deep, and was designed to 
take the entire surge of the water when all of the wheels are 
shut off under 25 per cent overload. 

The excavation at this point involved some 4750 cu. yd. of 
rock, all of which was badly weathered and shattered, the 
greater portion of it being of such nature that it could not be 
used in the forebay or tunnel lining. The thickness of the con- 
crete in the tank varies from three to six feet, due to the irregular 
breakage of the rock sides. As shown in the accompanying 
sketch (Fig. 13), the tank extends about 64 ft. into the rock, the 
remaining 31 ft. of its depth or heighth being above the ground 


1915] ADSIT: HYDROELECTRIC CONSTRUCTION 2405 


line. The tunnel enters the tank a few feet above the bottom 

at the center of one side, and the six penstocks leave the tank 

on the opposite side, each of these penstock tunnels being pro- 
vided with an emergency gate which will automatically break 
its supporting chain if the penstock should rupture. 
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The excavating of these six tunnels from the forebay to the 
side of the gorge was extremely difficult, both on account of their 
small size and the character of the rock through which they had 
tobecut. Very light drilling and blasting was necessary in order 
not to break the rock barriers between the tunnels, which it was 
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desired to leave intact because of the additional strength they 
might give the structure. 

After the penstock pipes had been installed in these tunnels, 
concrete was placed around the pipes filling the space between 
the pipes and the walls of the tunnels, and then thoroughly 
grouted under pressure. It was a source of great satisfaction 
after the forebay had been completed and the water first turned 
into it that no leaks of any nature were discovered. 

The cost of the rock excavation at the forebay was as follows: 


LabORS 4. ceiet ie fos 2 aur Hoe en LROCUnperscliDiemyands 
Explosives: Seea sete ee he a ee .106 
Transportation fe ao-mseneen eee 0.089 
Liability ansurance.- +n. ae eee 0.067 
Miscellaneous supplies.............. 0.246 
Miscellaneous expenses......... Bl iF 0.038 


$2 .166 


The concrete lining of the forebay shows the following unit 
figures: 


Labor sy. is Sans ee $1.680 per cubic yard. 
Cement 920 

Lumber Bi Se SOS ERS Rie ees Buc T17 

Freight eso. eee ee 012 
Transportatione me win nee oe 


Mability wnstrancess ei ee cee 
Miscellaneous expenses 
Crushing ystoneseen 4 ee eee 
Miscellaneous supplies.......-....... 


OorqooococorrF 
j=) 
pay 
wo 


$5.571 


The above figures represent the unit cost of the concrete below 
elevation 1500. The thickness of concrete was so small and 
the amount of reinforcement so great in comparison with the 
concrete below elevation 1500 that no unit cost per yard was 
made. The concrete used above elevation 1500 cost $1.925 per 
superficial square foot surface one side. 

The cost of the steel reinforcing and erection is not given as 
this depends largely on the market price of the steel, and is 
exactly the same as in all steel building construction. It 
should be noted in connection with this structure that with all 
concrete used below the ground surface, forms were used only 
on the inside, the concrete coming into intimate contact with 
the rock outside the steel structure. 

Reference to Fig. 14, will show the elevation of the water 
in the surge tank and the hydraulic gradient corresponding 
to the various loads on the Tallulah station with the Tallulah 
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reservoir at its maximum and minimum elevation. This 
diagram shows the downward surge caused by an increase of 
load of 25 per cent and the upward surge caused by the station 
throwing off a load of 62,500 kw., when the storage reservoir 
is at its maximum elevation. It has been found from tests 
that these calculations are extremely accurate. 


INCLINE RAILWAY 

In order to make possible the transportation and handling 
of the vast amount of material and equipment from the head 
of the railroad connection at the forebay to the power house 
site, and to provide a means of access to the power plant after 
construction, an incline railway was constructed. 

The grade of this road conformed to the hillside as nearly 
as possible, in order to avoid excessive excavation. It is ap- 
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proximately 1200 ft. long and rises in that distance some 650 ft., 
the maximum grade being 98 per cent. At each end of this in- 
cline the grade is 85 per cent and a car was provided with a 
capacity of 50 tons, whose platform is of such angle to the track 
that on the 85 per cent grade it is level. This car is built of 
steel throughout, with the exception of the floor, which is of 
timber. All hydraulic, electrical equipment, building material 
and steel work of every nature was transported on this car to 
the power house site without accident either to men or material. 
This was considered quite a record at the time, as 30,000 tons 
of material of all nature and approximately 400,000 passengers 
were handled during the construction period by this railway. 
The accompanying illustration shows the heaviest piece being 
transported, Fig. 15. 

For the operation of the incline railway a steam hoist was 
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provided at the top of the hill to be operated either by com- 
pressed air or by a boiler plant which was located nearby. This 
hoist was also provided with an extension base on which a rail- 
way type motor was to be located after the construction period, 
and the hoist would then operate on energy furnished by the 
main power plant. This hoist was provided with two heavy 
cast iron drums and connected to the car by two 13-in. diameter 
special steel wire cables, each of the cables being connected to 
the ends of a yoke on the car. The car was provided with an 
automatic cast iron grip connected to the cable yoke and so - 
designed that it would close its jaws, if either cable should 
break, on a 1}-in. patent locked wire grip cable laid in the center 
of the track and thoroughly anchored at the upper end. The 
ultimate strength of this grip cable as specified, was 260,000 1b. 
There was no cause during construction for this arrangement to 
operate, since no accident involving the breaking of either 
hoisting cable occurred. The hoist is arranged to give the car 
two speeds, that of 60 ft. per min. on heavy loads, and of 180 ft. 
per min. when a higher speed is desirable. 

The track of this incline railway is built with 80-lb. rails, 
laid on oak ties with a 6-ft. gage. It was found necessary on 
the upper and lower 150 ft. of the track to lay the ties in con- 
crete, as nomaterial would stay in place onthe rock surface. 
All other portions of this track are heavily rock ballasted; the 
track being at many points anchored to the underlying stratum. 
A brick and steel house covers the hoist arrangement at the head 
of the incline; this house being of similar design and appearance 
to the power house building. The relative cost of this incline 
railway will be given in a subsequent table. 


PENSTOCKS 


When the penstock installation was first considered, a plan 
of installing three penstocks, each serving two units, was given 
considerable attention. It was finally decided to use one pen- 
stock for each water wheel in order to give greater flexibility 
in plant operation and to do away with certain other disad- 
vantages where one penstock served two machines. 

There are at present installed five of these penstocks, Fig. 16, 
each five ft. in diameter and approximately 1250 ft. in length; 
provision being made for the installation of a sixth pipe. It 
being impossible to bury the penstocks on the hillside, they were 
carried on concrete piers spaced 32 ft. apart, and with heavy 
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anchor blocks inserted at all vertical and horizontal bends. 
Below each of these anchor blocks in all pipes are expansion 
joints of the packed gland type, with an adjustable angle ring 
and square hemp packing. These expansion joints were in- 
serted for the purpose of removing the excessive stress due to 
temperature and other changes of tubes of this large a diameter. 
The maximum variation of temperature considered in this in- 
stallation was 65 deg. fahr. 

In order to allow the penstocks to move freely over the 
supporting piers, 12-in curved steel channels were provided 
under the penstocks at the supporting points; thereby removing 
the adherence or excessive friction at the concrete contact. 
These penstocks were placed on 10-ft. centers and all piers 
and anchor blocks were carried down and anchored to the solid 
rock by means of heavy anchor bolts. The five penstocks 
weigh 1170 tons, of which 565 tons are riveted and 605 tons 
welded; it being deemed advisable to have welded pipe in the 
lower portions of the penstocks where the pressure would be 
greatest. The thickness of the steel plate in the penstocks 
varies from % in. in the upper section to 11/16 in. in the lower 
portion. There are about equal lengths of each thickness of 
plate, beginning with the 3-in. plate mentioned and increasing 
by 1/16-in. steps. 

Each section of welded pipe was tested at the manufacturer’s 
shop in Germany with a pressure of one and one half times 
that to which the pipe would ultimately be subjected. After 
erection, all field joints were caulked inside and out, and at 
angle points stiffening angles were supplied for the purpose of 
anchoring the penstocks in the concrete blocks. An eight inch 
diameter air valve is provided in each penstock just below the 
upper gate in order to break any vacuum caused by a too rapid 
acceleration of the water column in the penstock below. It 
can well be imagined that considerable difficulty was encountered 
in placing and riveting these penstocks. As it was done in 
the summer time it was found impossible to do any riveting 
on the pipe except at night on account of the heat of the sun, 
the temperature inside of the pipe rising at times to 170 deg. 
fahr. 

The five-ft. diameter of each penstock is maintained through- 
out its length, with the exception that Venturi meters have been 
installed just above the switch house for the purpose of water 
measurement. In the Venturi throats the water channel tapers 
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to 35 in. It again resumes the five-ft. diameter until reaching 
the 45-in. hydraulic gate valve at the turbine entrance, where 
the pipe tapers to this diameter. Each penstock is provided 
with a 60-in. electrically operated gate valve just outside of 
the forebay wall. These valves are operated by an electric 
motor, which is controlled from the power house generator room, 
signal lights being provided at that point, indicating whether 
the valve is open or shut. These valves are seldom used and 
then only at the times when the unit is shut down for repairs 
or under other circumstances which carry the shut-down over 


ee Ke | 
4 “™ 
rk q 
——# : 8” Air Valve 
[S11 be xs fe 
Tunnel en Re 
WEN CTR TE 8 Re _ 
Emergency Gate 60” Elec, operated oN 5 
¢. 
Gate Valve DNS. 


SURGE TANK PP Nan 


Vent. Met. Recording > BN ELA 17.000 H.P. Turbine 
Instrumenis ws 


i 
45” Hydr. Gate Valve @ 
Cast Steel Anchorage 


Fic. 17—PRoFILE or PENSTOCKS 


several days. The expansion joints mentioned have proved 
extremely satisfactory, no leaks developing in them, notwith- 
standing the fact that a maximum movement of two inches has 
occurred at times. 

The preparation of the ground surface for the installation of 
the penstocks involved a rock excavation of 33,238 cu. yd., 
and the placing of concrete in the anchor blocks and founda- 
tions to the amount of 8112 cu. yd. With the exception of 
the concrete adjacent to the power house, all concrete was 
placed in the penstock foundations from a central plant, the 
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mixed material being carried down in wooden chutes to each 
block. There were 2231 yd. of this concrete placed, under a 
contract price of $7.50 per yard. The remaining 5881 yd. was 
placed at the following unit cost: 
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Of the excavation, 13,636 yd. were taken at the contract 
price of $1.50, the remaining 19,602 yd. being taken at the 
following unit cost: 
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Fig. 17 gives dimension of the penstock and its relation to 
the forebay and power house. 


PoWER-PLANT BUILDINGS 


The power plant buildings, as shown in Fig. 18, and in cross- 
section, Fig. 19, are constructed with a concrete sub-structure, 
and a structural steel framework enclosed with full brick walls 
as a super-structure. The roof consists of steel trusses with 
steel channel purlins surmounted by reinforced concrete slabs, 
these slabs being interlocked and cemented after being placed. 
The upper surface is red in color, giving the appearance of tile, 
and the under surface painted white. 

There are two main buildings, known as the generator build- 
ing and the switch house, which are connected by a small build- 
ing of the same general type, 28 ft. 4 in. long and 20 ft. wide. 
The two main buildings and this small building form a structure 
resembling a letter H. No wood or inflammable material of any 
nature has entered the construction of these buildings and they 
are therefore entirely fireproof. 

The generator building, 186 ft. long, 42 ft. 3 in. wide and 49 ft. 
high above the generator floor, is designed to accommodate six 
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units on 28-ft. centers. The concrete sub-structure of the gen- 
erator building comes up to the window sills in the generator 
room, and above this begins the super structure. The turbine 
room is below the generator room floor, and from the turbine 
floor to the contact with the rock is a solid concrete founda- 
tion. Heavy dividing walls separate each turbine bay and 
support the generator floor, which is of steel framework encased 


Fic. 19 


in a concrete floor approximately five ft. thick. The units are 
on 28-ft. centers, with all of the hydraulic machinery, with the 
exception of the governor head, on the lower floor. This in- 
cludes for each unit, one 17,000-h.p. vertical hydraulic turbine, 
two triplex oil pumps, each of 70 gallons per minute capacity, 
and one oil filter and storage tank from which these pumps 
obtain their supply of oil. One of the pumps is driven by a 
direct connection to the main turbine shaft and the other by 
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a 35-h.p. 220-volt d-c. electric motor, this motor being supplied 
with energy from the auxiliary exciter bus. The pumps serve 
two purposes in connection with the waterwheels; that of 
lubrication and gate control, the governor on the generator floor 
actuating by means of oil pressure of 160 Ib. two cylinders at- 
tached to the gate yoke which opens and closes the wicket gate 
according to the control of the governor action. 

The water turbines are designed to operate at 514 rev. per 
min. under an effective head of 580 ft., this, by the way, being 
the highest head under which any turbines are being operated 
in the United States. The runners of these machines are made 
of bronze and cast in one piece, 56 in. in diameter, with eighteen 
buckets or vanes. This runner is bolted to the lower flange of 
a 14-in. nickel-steel shaft, the shaft being built in two sections, 
one connected to the water wheel and the other passing through 
the. generator rotor, the two sections being bolted together by 
means of a faced flange coupling. The scroll case of the turbines 
is made of cast iron in one piece, and has a 45-in. inlet with an 
outlet flange immediately opposite connected to a 20-in. gate 
valve which is in turn connected to the hydraulic relief valve. 
This relief valve is operated by the governorand opens when 
any sudden reduction in water demand occurs. The 24 wicket 
gates of the turbine are of forged steel and connected to the 
operating ring by cast steel shanks. The main journal or guide 
bearing of the waterwheels is held by the upper cover, and is 
lined with lignum-vitae strips with end wood towards the shaft. 
Immediately above these lignum-vitae strips is a chamber which 
is piped to the water in the penstocks and kept just overflowing 
during operation. The relief valve mentioned is capable of 
discharging 70 per cent of the water capacity of the turbines, 
thus eliminating the water hammer and excessive pressure in 
the penstocks due to any load being suddenly removed from 
the machines. 

The turbines are set directly over the entrance to the draft 
tube, which is 40 in. in diameter at the upper end and eight feet 
at the outlet. 

All of this equipment was tested under 400 lb. pressure per 
sq. in. before it left the manufacturers shops. The governor 
cylinders which operate the gate mechanisms are capable of 
exerting 60,000 ft-lb. of energy in this operation. They are 
mounted on base plates which are secured to the scroll case and 
bolted to the concrete floor. The entire scroll case is sub- 
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merged in the concrete foundation to half its diameter. The 
specifications for the governor control called for a speed variation 


for 25, 50, 75 and 100 per cent variation in load not to exceed _ 


3, 7, 13 and 20 per cent respectively, above or below normal. 
It was also specified that the flywheel effect of the generator 
rotor would be 1,250,000 ft. lb., and it has been found during | 
operation that the speed regulation under these circumstances 
is much better than that specified. While no accurate per- 
centage has been obtained, it has been noted that full load may 
be thrown off the machines without any noticeable increase in 
speed. 

The 45-in. gate valve is placed in the penstock line just ahead 
of the heavy cast steel anchor piece which is in turn connected 
to the turbine. This gate valve is hydraulically operated, con- 
trolled from the generator floor, and has a control cylinder 264 
in. in diameter, with cast iron piston and bronze covered gate 
stem: 

The water discharged from these turbines enters the tail 
race which is tapered from 10 ft. at the upper end to 50 ft. at 
the lower end, and is protected from the river by a solid con- 
crete wall extending from the first unit upstream to 100 ft. be- 
low the power house proper. Installed in this tail race at the 
lower end is a submerged concrete wall which was fitted with 
anchor tubes and bolts for the purpose of erecting a weir thereon 
at any time it may be desired to accurately measure the dis- 
charge of water from the machines. In addition to this weir, 
and in service constantly, are Venturi meters connected through 
a system of piping and valves to each penstock. This meter 
installation consists of one meter and recording device, and four 
manometers which can be connected to any penstock desired. 

In addition to the five main waterwheels there is installed 
a 75-h.p. Pelton wheel driving a 50-kw. exciting set, this wheel 
being placed in the sub-structure of the small building, and 
serving as a small station pick-up set or exciter as desired. 


GENERATORS 
The generator equipment, Fig. 20, as installed at present 
consists of five main units, each rated at 12,000 kv-a. maximum, 
at 6600 volts. They are three-phase, 60-cycle revolving-field 
type, very similar in design to vertical steam turbine units. 
These machines are guaranteed, when operating at 80 per cent 
power factor to have a temperature rise not exceeding 40 deg. 
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cent.,or at 25 per cent overload for two hours, not above 55 
deg. cent. It has been found in operation that these temperatures 
are not reached under the above conditions. They have a 
guaranteed efficiency under full load of 95.5 per cent, which has 
been considerably exceeded under tests. All the guarantees 
on these machines were based on a 10,000-kw. rating, but their 
performance under operation was such that they were re-rated 
to 12,000 kw. maximum, for the reason that not only were they 
good for this load on continuous run without the temperature 
rise exceeding the specifications for 10,000 kw., but it was also 
found that the waterwheels could be re-rated to 17,000 h.p., 
thus conforming to this additional generator capacity. 

The revolving field structure is made up of steel disks bolted 
together with the field pieces dove-tailed thereto. They are 
designed to withstand a runaway speed of 1.7 times normal 
for one hour. The field coils are wound with strip copper on 
edge and insulated sufficiently to meet this requirement; heavy 
spacing and end blocks are provided for each coil to prevent the 
windings from bulging under this high speed. 

The generator has two. guide bearings and also carries the 
thrust bearing supporting the entire revolving weight. This 
bearing is of the ordinary disk type and is supplied with oil at 
150 pounds pressure. It is supported by the generator housing 
just below the exciter, which is also carried on the same sup- 
port, the exciter armature being bolted to the upper end of the 
generator shaft. The over-all diameter of the generator is 
13 ft. 8in. and the height from floor to top of exciter 17 ft. 8 in., 
the total weight without the shaft being 76 tons. 

Each generator, as already indicated, is surmounted by a six- 
pole, compound-wound, commutating-pole exciter direct-con- 
nected to the generator shaft and having a rating of 100 kw. 
at 250 volts, with 25 per cent two-hour overload capacity. 
Each exciter is capable of exciting two generators and provi- 
sions are made in the switching arrangement so that any exciter 
may be operated in parallel with the others on the field bus or 
connected to an auxiliary power bus. These exciters are con- 
trolled by a two-unit voltage regulator, thus providing a means 
of operating the station on two independent power services. 

The wiring from the exciters is carried down the inside of 
the generators between the laminations and the cast armature 
ring, and is connected to the main exciter switchboard by cables 
laid in fiber conduits, which are in turn laid in the concrete of 
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the generator floor. The power current of the generators is 
connected through a similar system of conduit by means of 
cables directly to the oil switch equipment in the switch room, 
no a-c. switching of any nature being done in the generator 
building. 

The armature windings of the generators are Y-connected, 
the neutral being carried to a system of switches whereby only 
one generator may be grounded at one time. 

The ventilation of these machines is forced by means of 
fans on each end of the revolving field, which cause a flow of 
35,000 cu. ft. of air per minute. This air is taken from the 
waterwheel floor and discharged through the generator air 
passages opening into the generator room. 

The generator room is provided with a 60-ton electric crane 
travelling the entire length of the building. This crane is 
also fitted with an auxiliary hoist of 15 tons capacity mounted 
on the same carriage as the main hoist. It is supplied with d-c. 
energy at 250 volts from the auxiliary exciter bus. 

The generator room is also provided with a gallery, as shown 
in Fig. 20, 155 ft. long, which encloses all field rheostats, exciter 
and auxiliary buses, and exciter switchboard, this switchboard 
being on the same level with the generator room floor. 


SwitcH HousgE 


The switch house is a building similar in construction to 
the main building and is 244 ft. long, 46 ft. wide and 103 ft. 
high from the first floor to the lower cord of the roof trusses, 
inside dimensions. It is so situated on the hillside that the 
lower outside wall is 15 ft. higher than the one next the hill side. 
This building is substantially provided with three floors, the 
first floor containing all low-tension switches, transfer buses, 
etc., the second the power transformers, and the third all high- 
tension switching equipment. 

Referring to the accompanying wiring diagram of the power 
house, Fig. 21, it will be noted that the generators are connected 
through low-tension oil switches on the first floor of the switch 
house to the transformer deltas on the floor above by two 
1,000,000-cir. mil varnished cambric-insulated single-conductor 
cables for each phase, carried in fiber ducts, these ducts being 
supported in passing from the generator building to the switch 
house by means of small reinforced concrete bridges. The 
switching arrangement is so designed that each generator may 
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be connected so its respective transformer bank, or connected 3 
to a transfer bus running the entire length of the building to 
supply any other transformer bank, and to multiple the gen- 
erators on the low-tension side. There are three low-tension 
switches to each unit, the generator and transfer bus switches 
being non automatic of 1200 amperes capacity. The trans- 
former switches are of the automatic type, and are provided 
with inverse time limit relays, so arranged that they will trip 
both the low-tension and high-tension transformer switches 
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simultaneously. These relays are energized from three 1500- 
ampere current transformers inserted in the transformer con- 
nections, and housed within the concrete barriers in the low- 
tension switch room. All of the low-tension 6600-volt oil 
switches are of the remote control, motor-operated type, and 
each phase separately enclosed in a brick compartment with 
brick barriers. The switches and operating mechanisms are 
supported on soapstone slabs built into this brick structure. 
Disconnecting switches are also inserted in each lead, and 
located in this brick structure for the purpose of isolating the 
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switches in case of repair. The transfer bus, running the entire 
length of this lower floor, is also enclosed in a brick and scap- 
stone structure. 

All high-tension wiring consists of one-in. copper tubing 
spaced eight ft. between phases, and mounted on porcelain in- 
sulators. The high-tension bus runs the full length of the 
upper switch room, and is sectionalized in the center by a bank 
of oil switches. Each of these sections is again sectionalized 
by means of disconnecting switches’ of the ordinary open air 
type, which provides each of the four high-tension outgoing 
lines with an individual section of this high-tension bus. 

The high-tension oil switches in this room are of the solenoid | 
operated type, each switch being single pole, double break, 
single phase, so that three are installed in each unit and operate 
simultaneously. They are installed in this switch room, one 
bank of switches for each transformer, one bank for section- 
alizing the high-tension bus, and four banks in the outgoing 
lines, making a total of 10 banks or 30 separate switches, which 
is said to be the largest number of 110,000-volt switches in- 
stalled in one room in service in this country. One of the 
accompanying illustrations, Fig. 22, shows a general view of 
the arrangement of switches in this room. 

The outgoing line switches are provided with inverse time 
limit series relays mounted on post insulators just above the © 
switches. 

It may be interesting’ to state at this point that one bank 
of these outgoing line switches has opened under an energy 
load of 27,000 kw. without spilling the oil or causing the slight- 
est. disturbance. 

All of the high-tension switching equipment and wiring is 
designed for 110,000-volt operation, but has frequently been 
subjected to an operating condition demanding 130,000 volts 
at this station without the least injury. 


THE ConTROL Boarp 


The operation of the entire station is carried out from the 
control board on the upper floor of the small building con- 
necting the two larger ones, and consists of the ordinary bench- 
board controlling all oil switches of the remote control type, 
the water wheel governors, exciters, main generator rheostats 
and voltage regulators. .It is also fitted with signal buttons 
enabling the operator to advise the waterwheel and generator 
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attendants of his desires in connection with the starting or 
shutting down of any machine. Immediately behind this bench- 
board is a six-panel black slate instrument board, on which all 
electrical instruments are mounted. In addition to the usual 
voltmeters, frequency indicators, power factor indicators, am- 
meters and recording instruments, a device has been installed 
whereby any line disturbance causing a permanent or tem- 
porary ground is brought to the attention of the switchboard 
operator by means of relay operating flash lamps and a record- 
ing ammeter. These instruments are connected to current 
transformers in the grounded neutral of the high-tension leads. 
The relay is designed to make sufficient noise to attract the 
operator’s attention should he fail to notice the lamp signals. 
This instrument has been found to record any flash-over of the 
line insulators, and almost every other disturbance which 
occurs on the high-tension lines.. It gives the operator in many 
cases advance information of coming trouble. 


TRANSFORMERS 


Corresponding to each of the five generators is a bank of 
single-phase, water-cooled, oil-insulated, shell-type transformers, 
each bank being separated from the adjacent banks by rein- 
forced concrete fire walls, Fig. 23. Each of these transformers : 
has a normal continuous rating of 3333 kv-a. with a temperature 
rise within 40 deg. cent., and a 25 per cent two-hour overload 
capacity with a temperature rise within 55 deg. cent., based 
on a supply of 15.7 gallons of cooling water per minute, with 
an efficiency of 98.7 per cent. 

The water for these transformers is supplied through a pip- 
ing system running the full length of the switch house, from 
an elevated tank above the main buildings, which is in turn 
connected through an automatic filling valve to the penstocks. 

The low-tension 6600-volt windings of these transformers 
are delta-connected, while the high-tension windings are star- 
connected, the arrangement giving a transmission voltage of 
110,000 volts. The high-tension windings are accordingly de- 
signed for 63,500 volts.. The neutral lead from all banks is 
connected through open air disconnecting switches to’ a main 
ground bus, which is grounded through 127 ohms current limit- 
ing resistance. These transformers are furnished with three 
5 per cent taps, corresponding to voltages below normal of 
60,300, 57,200 and 54,000. They were all submitted to a test 
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of 220,000 volts for one minute between primary and second- 
ary, and primary and core. The tanks are cylindrical in de- 
sign, built of steel plate with cast iron covers. They are mounted 
on trucks which can be moved to any part of the switch build- 
ing by means of a transfer truck onto which the smaller truck 
supporting each transformer can be rolled. 

Each transformer requires approximately 2800 gallons of 
insulating oil, and a system of piping has been installed whereby 
this oil may be taken from any transformer, filtered and returned 
thereto without necessarily taking the transformer out of ser- 
vice. A quick-opening valve is provided at the bottom of each 
transformer and connected to a system of discharge piping out- 
side the building through which the transformers may be 
quickly emptied of oil in case of fire. Each transformer is 
provided with thermometer equipment fitted with contact 
making device for operating an alarm bell in the control room 
in case of any temperatures reaching a dangerous value. 

These transformers are eight feet in diameter, 13+ ft. high to 
the top of the cover, and 16 ft. 6 in. to the top of the high- 
tension leads, each single-phase unit weighing complete with 
oil 23 tons. 

Ourtcorine LinEs 

The high-tension leads leaving the building are carried 
through built up porcelain ‘insulating shells attached to the 
steel framework of the building and filled with insulating oil, 
Fig. 24. There are four outgoing lines, the three leads of each, 
after leaving the building, being connected through choke coils 
mounted on a steel framework bracketed to the steel work of 
the switch house. Immediately behind the switch house is a 
paralleling high-tension bus in four sections supported on steel 
framework resting on a concrete base, one of the outgoing 
lines being connected to each section, and open air disconnect- 
ing switches installed between the bus sections. The outgoing 
lines then pass to the lightning arrester structure, Fig. 25, this 
structure being likewise of galvanized steel framework sup- 
ported on concrete foundations, the lightning arrester equip- 
ment consisting of four-tank, aluminum-cell, three-phase 110,000- 
volt arresters, three of the tanks being connected through the 
horn gap switches to the Separate phases of the line, and the 
fourth tank between the common terminal of the other three 
and ground. Four sets of such equipment have been installed, 
one on each line. 
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STATION SERVICE 


The station lighting service is supplied from the low-tension 
bus through two banks of three 20-kw. single-phase trans- 
formers, stepping the voltage down from 6600 volts to 230 or 
115 volts. This lighting service may also be supplied from the 
exciter or auxiliary buses, or if the station is entirely shut down, 
from the 75-h.p. Pelton waterwheel set previously mentioned. 

The alternating-current service also supplies power to a motor- 
driven air compressor, the air being piped throughout both build- 
ings with service connections opposite each piece of electrical appa- 
ratus so that it may be used for cleaning and other station service. 

A ground bus has been carried through the cement floors of 
the power house buildings and connected to every electrical 
piece of apparatus in service. It is also connected to the steel 
building structure at various points and to the cast iron hous- 
ings of the entrance bushings, every precaution thus being © 
taken to insure the grounding of all parts with which the opera- 
tors might come in contact. This ground bus is connected to 
a separate ground other than that of the high-tension arresters. 

The unit cost of the power house buildings and installed 
equipment is given in the following tables, the cost of the 
hydraulic and electrical equipment being based on the installed 
capacity of 50,000 kw. on the original rating and that of the 
buildings and other equipment on 60,000 kw., the ultimate 
capacity of the original rating. 

BUILDINGS AND FOUNDATIONS: 


Rockexcavation vara. i $0 .428 per kilowatt of capacity. 
Concreting foundations and sub- 
SUBUCEUTET I hee mleeinus «tee ease, one 114 
DtRUCLUuLalesleedy. een. «nace erg 522 
Handling and unloading. ........... 
Erecting... 109 


Brick, sand and ‘cement. a vo = = vs ; ; : 


CoococonN 
a2 
(SS) 
o 


Handling, mixing and jeyine . 0.960 
Windows and doors.. : apg ane MW adlyas 
Handling and erecting. Sat) age saeqincnea een? 0.003 
ADA Sieevonanaiee tes tag oly 5 ted See eee 0.115 
Concrete tile: MOOrsm aaa aes ee 0400 
Miscellaneous material............ 0.186 
Miscellaneous labor and transpor- 

tation of men. Spcinr logeeGey! acacesee ve LOS 
Painting... or Re LTE yy 
Plumbing... ML Tee OF053 
Building inspection egetadnas te sees, athe 0.142 

TAIL RACE: 

ROCK ExcavaliOnermn melentael fie 0.197 
Cribbing.. Ect -3:5 pou)! Od? 
Concreting tail race walls.......... 0.242 
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EQUIPMENT: 
Hy drauliclequipmenti: hes. - ae ae $6.582 per kilowatt 
Handling and erecting........ Sunes 0.463 
Electrical equipment and erection... 6.236 


Auxiliary equipment.............. 0.999 
Handling and erecting auxiliary 
equipment [a;. 01. as eee, rae 0.105 
High- and low-tension switch and 
DUS Structure acs cactemmaens ome oder 0.445 
Water and oil piping system........ 0.244 
Notalseqti pier terme ect e re $15 .074 


Grouping the above items under a more condensed form, 
we have: 


Tail ra cen avcitnis a teteadacotn Keene eee mee ee eee $ 0.456 
Buildings=substructurewsi ol. 1akek es eee 2.542 
Buildings—superstructures........ ty ARCS oan 3.372 
Buildings “inspection usnr e1 ieee eee 0.142 
Totalequipmentt 5.2.02. ect ane. tet ee ae. Wee eg MOTE! 
Costiper k:wanca pacity met miaeeiit: kate tee eee $21 .586 


In addition to this cost there is a certain proportion of the 
temporary compressor plant, spur tracks, general tool and 
utility equipment, etc., amounting to $1.178 which should be 
charged to this power plant construction, making the total 
cost of the power plant buildings and equipment $22.764- per 
kilowatt capacity. 

As the foregoing costs do not in some instances give the cost 
of completed structure under the various headings, the follow- 
ing table will supply the construction cost per kilowatt capacity 
of the entire power production plant, including reservoirs, 
dams, all hydraulic conduits, power plant and equipment, and 
including temporary construction plant, such as compressor 
plants, water system, spur tracks, etc. 


Mathis dams and reservoirs.................$17.104 per kw. 
Intake dam and bridget... 0. 5.0 oe 4.660 
Intake |." Jo Se GAGA Sie es ace 1.102 
Purinel,, ...arssyrpe sett Rees ree Gaetan 12.379 
Forebay.,”.:. bac tye. eee oe eee ee 2.395 
Penstock tunnels and portal................. 0.694 
Peristocks and foundations mpasssah. as. am 5.568 
Power plant and equipment................. 22.764 


Total construction cost, power production i? 
plant, per kilowatt{et.@........ een $66 .666 


TRANSMISSION LINES 
As already pointed out in the beginning of this article, the 
power house at Tallulahis connected with the main distributing 
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station at Atlanta, known as the Boulevard station, by a double- 
circuit steel tower line. 

The towers, Fig. 26, on this line are of the four-legged con- 
struction, 66 ft. in height, 20 ft. square at the base and 5 ft. 
at the top or basket portion of the tower, and weigh 5554 Ib. 
The towers are fitted with four channel iron crossarms of such 
lengths as to support the two circuits from the ends of these 
arms with a clearance of 16 ft. between the two circuits, or 
5 ft. 6 in. between either circuit and the tower. This tower is 
known as the standard 4/0 
tower to distinguish it from ‘575k 5’ os SEA oiSal 
another type of heavier con- ss NR 
struction which is used as an <x > 


SECTION A-A, B-B, 
c-c & D-D 


angle tower on the same line’ 
This latter tower weighs 6880 ; ‘ 
lb. The specifications govern- 

ing the design of the standard J 

4/0 tower were as follows: So ae 

Case 1. A pull of 4300 Ib. 
at right angles to the end of 
any one crossarm, represent- 
ing the stress due to the dead- 
ending of one conductor. 

Case 2. A vertical load of 
1500 lb. at the end of any or 
all crossarms to cover the 
weight of the wire and in- 
sulators in adjacent spans. 

Case 3. A load of 1500 lb. 
in any direction at the top of 
the tower corresponding to aes i 
the wind pressure on the Fic. 26—STANDARD 4-0 TOWER 
projected tower area. 

Case 4. A load of 10,000 lb. at right angles to the line or 
parallel to the crossarms; that is, 2500 lb. at each crossarm; 
at the same time a pull parallel to the line or at right angles 
to the crossarms of 8000. lb., that is, 4000 lb. in the same or 
opposite directions at the end of any single crossarm, or at 
one end of any two crossarms. The first conditions represent 
the stress due to wind pressure on the projected area of the 
crossarms and wires themselves, and the second the stress 
caused by the breaking of two wires, one on each side of the 


SECTION F-F 


he 
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crossarm at different ends, resulting in a couple which sets 
up torsional strains in the tower. 

The crossarms are proportioned for a combination of cases 
1 and 2, and 1250 lb. horizontal thrust at the end of the arm. 
The tower is proportioned for the maximum combination of 
cases 2 and 3 or 2 and 4. 

The footings for the regular straight line towers were secured 
by extending the tower legs some seven feet into the ground and 
bolting cross angles to them. On strain and angle towers, con- 
crete footings were provided, and the tower legs secured fastened 
to these footings. 

The towers on this line are spaced from seven to eight per 
mile, and as stated carry a double circuit transmission line. 
Each circuit consists of one 7/16-in. steel strand ground wire 
and three 4/0 copper conductors, made up of seven strands of 
hard drawn copper with a central strand of soft drawn. All 
four wires of each circuit are arranged in a vertical plane with 
9-ft. spacing between the power conductors and 3 ft. 4 in. be- 
tween the ground wire and upper conductor immediately below. 

The ground wires are fastened to the ends of the upper cross- 
arms by means of a specially designed steel clamp, and the 
power conductors suspended from the ends of the other three or 
lower crossarms by means of two part suspension insulators, 
with four units in series on straight line towers and five on 
strain towers. Strain towers are provided for anchoring the 
conductors every mile, and also on both sides of all railroad, 
telephone line or other power line crossings. 

From the Boulevard station to what is known as the North 
Atlanta switching station, a distance of 3.6 miles, is constructed 
a steel tower line of somewhat heavier proportions, the towers 
on this line being 80 ft. in height and weighing approximately 
8000 Ib., while at certain places along this line an additional 
20-ft. extension was necessary to raise the conductors a suffi- 
cient height above the city roadways. This line is known as 
part of the Atlanta Outer Zone Line, and carries in addition to 
the two 7/16-in. steel ground wires, and the two 110,000-volt, 
2/0 circuits, two 11,000-volt lines of 4/0 copper conductors. 

The 110,000-volt line from the North Atlanta frame to 
Lindale is also carried on a double-circuit steel tower line, one 
circuit of which has not yet been installed. These towers are 
similar in design to those used on the main Tallulah-Atlanta 
line, but of lighter construction, and are known as the standard 


1915] ADSIT: HYDROELECTRIC CONSTRUCTION 2425 


2/0 towers. They measure 16 ft. at the base, 4 ft. at the top, 
and are 70 ft. high. They were designed to withstand the 
following loading: : 

Case 1. A longitudinal pull of 3000 Ib. at right angles to the 
end of any one crossarm. 

Case 2. A vertical load of 1200 lb. at the end of any or all 
crossarms. 

Case 3. A load of 1200 lb. pulling in any direction at the top 
of the tower. 

Case 4. A load of 8000 Ib. pulling at right angles to the line 
or parallel to the crossarms; that is, 2000 lb. at each cross- 
arm. At the same time a pull of 5000 lb. parallel to the line 
or at right angles to the crossarms; that is, 2500 Ib. at each 
end of any single crossarm in the same or opposite directions, 
or at one end of any two crossarms. 

The combination of loads used in the design was the same 
asin the.4/0 towers, and the unit stresses likewise the same. 

The power circuit consists of three 2/0 stranded copper con- 
ductors, and the ground wire is a 3-in. steel strand, the wires 
being arranged in a vertical plane the same as on the Tallulah- 
Atlanta line, and the spacing likewise the same. The insulators 
used on this line are of the suspension type, 10 in. in diameter, 
with five units in series on straight line towers and six units 
on strain towers. The line is 65.4 miles in length from the 
North Atlanta station, or 69.2 miles from the Boulevard 
station. r 

The 110,000-volt line from Atlanta to Newnan is also carried 
on the Outer Zone line from the Boulevard station to North 
Atlanta, and from the latter station to Newnan on a double- 
circuit steel tower line of exactly the same design as the Lindale 
line, just described. Only one 110,000-volt line has been in- 
stalled on this tower line, but there has been strung on the 
other side of the towers between the North Atlanta station and 
Fairburn, Ga., a station some twenty miles distant from Atlanta, 
a 22,000-volt three-phase 4/0 line, which is being used for sup- 
plying the territory around the latter station: with low-voltage 
power until a regular high-tension substation can be built at 
this latter place, and the second 110,000-volt line strung along 
the steel towers. 

The approximate cost in detail of the Tallulah-Atlanta trans- 
mission line is given in the following table: 
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Cost of right-of-way, including commissions, 


SUPVEVING, Cb Re cpa koety fakes -p-ket es. Sede $ 845.72 per mi. 
Legal expense, examination of titles, etc....... 184.27 
Clearing right-of-way asa. sees ee ree aie 91.04 
Tower. material—steel., ..220.%.. sees. ch.- 1522.66 
Foundations and setting. cn oiieiau cme ea ere 1109.10 
Cost of copper conductors: jars. eee 3563.49 
Costiotisteelioround witear gasses 196.41 
Cost of insulation. . : e mish ast eieligo bee te eo Ore 
Cost of stringing conductors................. 486.15 
Miscellaneous:expenses ...:..+, 46% -)- « welauts eh a 49.38 
Total. 23. Pe diy BAe eee $8263 . 66 


The total unit cost of the Newnan and Lindale lines is given 
in the following table: 


ATLANTA-LINDALE LINE: 


Totalteost of right-of-way eee ents $ 429. ee per mile 
Total cost of tower line.. Shek penetra? Sifalieed! 
Total cost of overhead conductors and in- 
sulators, andicost of strimeiniy ssn mene 1282 .72 
“Rowell. . Ree: Ree ty ee es coe EOS 
ATLANTA- NEWNAN LINE: 
Total cost of right-of-way... .%..4..50.4.. 19 838) 61 
Motal.costrofstowerlin clea. fie teen 2120.51 
Total cost of conductors and insulators and 
costiofistringin gaa k aah ieee eee 1728.78 
"TOtAL: et os cc crete tite ce nee $4687 .90 


TELEPHONE LINES 

The power house at Tallulah is connected with the Boulevard 
station at Atlanta, and the latter station with those at Lindale 
and Newnan by a telephone line strung along the steel tower 
line 15 ft. below the power conductors. This is a two-wire 
line of No. 4 copper-clad steel wire, and was originally installed 
on pin type insulators mounted on steel pins which were in 
turn bolted to one of the lateral members of the steel towers, 
and the transposition effected at every tower by means of long 
and short pins. It was found, however, soon after the power 
lines were put in operation, that the voltage to ground induced 
on the telephone line was so great that talking over the line 
was impossible, and that the insulation could not be main- 
tained intact, so 40,000-volt suspension type insulators were 
then substituted for the pin type, and the Tallulah-Atlanta line 
completely reinsulated as a matter of experiment. After this 
change was made it was possible to conduct certain tests on the’ 
line which showed that the induced voltage went as high as 
10,000 volts or perhaps much higher under certain conditions 
of operation of the power lines, but that this induced voltage 
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did not seriously interfere with the talking over the line so 
long as the insulation was maintained. The other telephone 
lines were then reinsulated, and as an additional factor of safety, 
two suspension units of a slightly different design substituted 
for the one unit. All these lines have been in successful opera- 
tion since this change. Drainage coils of ordinary 15-kw. 
transformers with the secondary coils open-circuited have been 
attached to the Tallulah-Atlanta line at both of these stations 
and also at Gainesville, a station about midway, and similar 
equipment installed at certain points on the other lines, to 
keep the induced voltage as low as possible. 

Telephone booths are provided along the lines every four 
miles, and the arrangement is such at these points that the 
telephone equipment is connected to the line through horn gap 
switches only while it is being actually used. One-to-one in- 
sulating transformers with enclosed fuses are also used as an 
extra protection to this equipment. Provisions are also made 
at each of the booths for sectionalizing the telephone lines, 
and connecting the equipment to either side of the break in 
testing it out. 

Considerable experimental information and advice was ob- 
tained when the line as originally constructed could not be made 
to operate satisfactorily, but nothing of any material value, was 
accomplished until the insulation problem had been solved in 
the above described manner. The fact that all of the telephone 
lines had to be completely reinsulated accounts for the appar- 
ently high figures representing the unit cost of these lines as 
shown in the following table. 


Cost PER MILE OF TELEPHONE LINES 
Tallulah Atlanta Atlanta 


Item: Atlanta Lindale Newnan 
Material fase -2nhe cs wi bt te: $299.59 $289.84 $370.63 
E-Gitipmenttcncitsacinegacssa meer 9 lat 78.55 81.91 
COnsEcuctlot +... eek oe: 119.89 100.10 103.58 
Ota wae eerie Sho Us OZ er h468. 496 Fh556412 


THE BOULEVARD SUBSTATION, 

The Boulevard substation, Fig. 27, so named because of 
the street on which it is located, is some two miles north of 
the main business district of the city of Atlanta, and is the 
largest station of its particular type which has yet been con- 
structed. It is used as the main distributing station for both 
high-tension and low-tension power for the Georgia Railway 
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& Power Company’s system, and is of the outdoor type, all 
high-tension structures, transformers and equipment being out 
of doors, only the low-tension switching equipment being in- 
side the building. It consists essentially of a steel frame ap- 
proximately 200 ft. square, and a two-story brick building con- 
taining the main operating room, and all low-tension equip- 
ment, in addition to several smaller buildings. 
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The steel framework is made up of steel towers similar in 
design to the regular transmission line towers and connected 
by latticed steel trusses of standard form. This frame is used 
for supporting the high-tension buses, disconnecting switches, 
and all high-tension wiring. The station is designed for an 
ultimate capacity of 60,000 kw., all of the equipment for this 
rating having already been installed with the exception of 30,000 
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kw. in power transformers and their control switches. The trans- 
formers now installed consist of three banks of three 3333- 
ky-a. transformers each, or 30,000 kw. 

The two incoming lines from Tallulah (see wiring diagram, 
Fig. 28,) are connected to the high-tension buses through re- 
mote control solenoid, operated oil switches of the outdoor 
type, mounted on concrete foundations immediately beneath 
the steel structure. Disconnecting switches are installed on 
both sides of the oil switches, and four-tank three-phase alumi- 
num cell lightning arresters connected to the incoming lines 
through horn gap switches just before the lines enter the steel 
structures. Similar switching equipment is also provided be- 
tween the high-tension buses and the outgoing 110,000-volt 
lines to Newnan and Lindale, and aluminum cell lightning 
arresters also connected to these lines just outside the steel 
framework. Provisions have been made in the foundations for 
the installation of two additional incoming lines, and one ad- 
ditional outgoing line to each of the stations mentionedm, aking 
a total of eight high-tension lines to be ultimately connected 
with this station, part of the steel work for supporting the 
additional incoming lines having not yet been erected. 

The high-tension bus is constructed of 7-in. copper tubing, 
and is divided into two sections, which may be tied together 
and operated in parallel by means of an oil switch and discon- 
necting switches on either side. This bus is supported where 
it passes under the latticed steel trusses by disk type insulators 
of six units each, and between such points by standard catenary 
construction from a 4-in. copper-clad messenger which is itself 
insulated from the steel framework by strain insulators of six 
units each. 

The transformers aré arranged in banks of three each, on 
both sides of a walkway extending from the entrance to the 
main building, at one end of the steel framework, along the 
center line of this structure to the repair shop at the other end 
of the steel frames, there being provision for three banks in 
each row, Fig. 29. Running directly along the front of these 
two rows of transformers, between the transformers and the 
walkway referred to, are two transfer tracks of standard rail 
sections, along which the transformers may be carried to the 
repair shop at the far end of the steel frames by means of a truck 
provided for this purpose, the truck being of the proper height 
to permit of rolling the transformers from their foundations 
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directly on to the track. At the main building end of these 
two parallel tracks, are two turntables with a track connecting 
them, so that a transformer may be moved from one bank to 
another on the opposite side of the walkway. The track con- 
necting the two turntables is also extended some 75 or 100 feet 
to the main roadway so that equipment or material can be 


[2 bs bal bs) 
TOWERS 
ess 
HOIST HOUSE 
! 
{ 
=I 
1 =, 
Ee & 
H 
| 
' 
| 
| 
‘ aw 
2 I o 
= \ = De zt 
5 e 
3 1 = 
= pees Fd 
ca ae { 3 TOWERS 
5 a ff “ts =a 3 
° S ! a 
2 sal a) Bi | : A 
ZI {Su} 1 zal 
5) ~<— TOWERS—> Jl ot = | = a 
| | le ial | Hie 
< | ha: Fain BRASS BELL oat wil 4 
io ee i TRAP CESS I Ai 
z oo POOL \ abe 
° ae Hi ae 
~ bl! Gg = | H = a8! 
ha oH C.L. ore cay Tt — = i 
oF SWITCHES H 1 = hi 
. ; 
———s ‘, 
rz ba) xa —e 000 
WALK N eee wid = iy = w 
5 vil 
%, Fall 
WY HF! 
ea 
| hurntaacea td ft | 
> tats 
: IF HT ie’ 
C.L. LIGHTNING tor f | 7 
ARRESTER tanxs BB im: 8 b} 4” DRAIN TO |, ' =! Hot v( a 
ie ci i CREEK ¢ 1B! 
i i Ja 
C.L. HORN GAP & CHOKE Coll sTruCTUREs fF; J 


2) pen Eos ae 
ry fey fe pee 
al Bh ; 


ABLE SUBWAY| 


SECTION THROUGH OIL SWITCH 
FOUNDATION 


SUB WAW EB 
MANHOLE i 7 


Fic. 29 


unloaded from wagons onto the track and then carried directly 
to the repair shop. 

The repair shop is approximately 28 by 42 ft., and constructed 
of high rib steel and cement plaster supported on the steel 
building frame, with two large steel curtain doors in the front 
side of sufficient size to permit of rolling the transformers on 
the truck directly into this shop. This shop is equipped with 
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a 10-ton steel crane for handling the transformers, oil filter presses, 
and storage tanks, as well as a small machine shop, so 
that all facilities for repairing transformers or other equipment 
. are available, thus keeping the dirt and grease incident to such 
repairs away from the main substation building. 

The oil storage tanks are located in a pit inside the repair 
house several feet below the surface of the ground, so that the 
oil in any transformer may be drained into these -tanks by 
gravity through a header which runs along the front of the 
transformer banks by simply opening the quick-opening valves 
which are installed between each transformer and this header. 
This provision was made so that any transformer could in case 
of fire or other accident be quickly drained of oil. Each trans- 
former is also connected with the oil filter presses through other 
tanks by a smaller system of piping so that the oil from any 
transformer may be removed and filtered and then returned 
to the transformer with the least trouble and expense. 

To furnish the water necessary for the cooling system in 
connection with the transformers, a number of wells were driven 
on the property at this station to a depth of some four or five 
hundred feet, and two of these piped up, so that the water may 
be raised to catch basins at the tops of the wells by compressed. 
air, and then allowed to flow into a large reservoir by gravity, _ 
the elevation of the water in the basins being maintained a 
‘few feet above that in the reservoir. The main reservoir con- 
sists of a concrete basin 61 ft. in diameter and 11 ft. deep, with 
side walls some 12 ft. thick. There is also erected on a steel 
tower at an elevation of 75 ft. above the water in this main 
reservoir, a steel storage tank of 50,000 gallons capacity, and 
the water pumped into this tank from the reservoir below by 
two vertical submerged centrifugal pumps. The water is then 
allowed to flow through the cooling system of the transformers 
by gravity back into the reservoir, except during the hot sum- 
mer months when it is considered advisable to admit this water 
to the waste after passing through the cooling system, that 
fresh cooler water may be pumped from the wells to the reser- 
voir and thence to the elevated tank. Provisions are also 
made whereby the water in the tank can be discharged into. 
the reservoir or waste without going through the cooling system 
when for any reason such a procedure is necessary. 

Within the base of the steel tower supporting the storage 
tank, is built a small pump house similar in construction to 
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the repair shop, in which are housed the electric motors for 
operating the pumps and air compressor, the air compressor 
and air receiver tanks. 

The transformer equipment now installed in this station con- 
sists of single-phase, 3333-kv-a. shell-type, water-cooled units. 
The tanks are made of heavy boiler iron 8 ft. in diameter with 
cast iron covers, and measure 13 ft. 6 in. from the base to the 
top of the cover. The over-all dimensions from the base to the 
top of the high-tension leads is 16 ft., and the weight of one 
complete unit including the oil is approximately 25 tons. Each 
unit is supported on a small truck which rests on steel rails 
fastened securely to the concrete foundation, and is so placed 
that it may be rolled from its regular position on to the transfer 
truck already referred to. 

The primary and secondary windings of these transformers 
are both provided with four 24 per cent taps, so that the second- 
ary voltage may be maintained at 11,000 volts with a 10 per’ 
cent variation in primary voltage above or below normal of 
110,000 volts. Based on a supply of 16 gallons of cooling 
water per minute, at 15 deg. cent., the temperature rise is 
guaranteed not to exceed 40 deg. cent., when operating under 
full load, or 55 deg. under continuous 25 per cent overload, 
provided the supply of cooling water is increased to 20 gallons 
per minute. 

The guaranteed efficiencies are as follows: 


13 Load. Full load. 3-Load. z-Load.° 3-Load. 

100 per cent power factor. 98.5 98.6 9825 E98 eZee O70 

'80 per cent “ ‘ 98.1 98.2 98.1 -°97.5. 96.2 

The regulation at 100 per cent power factor is guaranteed 
not to exceed 0.9 per cent, and at 80 per cent power factor 
4.4 per cent. 

The transformers were tested by being subjected to a po- 
tential of 220,000 volts for one minute between primary and 
secondary windings and core, and 22,000 volts between second- 
ary and core. A potential of 220,000 volts was also applied 
across the entire primary windings for five minutes. 

The transformers are connected to the high-tension buses 
through remote control oil switches and disconnecting switches, 
Fig. 28. The leads from the low-tension windings are carried 
to the rear of the banks to a delta bus made of copper tubing 
of large diameter supported on pipe framework, and thence 
down through large entrance bushings which set in specially 
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designed castings in the roof of the tunnels which parallel the 
two rows of transformers and lead into the basement of the main 
building. After these leads enter the tunnel they are carried 
on porcelain insulators along concrete shelves on the side walls 
to the basement of the low-tension building, thence up through 
the disconnecting switches in the bus compartments on the 
first floor of this building to the oil switches located at the tops 
of these compartments on the second floor of the building. 
The leads running along the shelves in the tunnel are constructed 
of 15/16-in. copper tubing to possess sufficient strength to be 
supported in the above described manner. The other terminals 
of the low-tension oil switches are connected to the 11,000- 
volt buses, which are located in the first floor of the main build- 
ing, and similar switches also installed between these buses 
and the outgoing feeders. 

The disconnecting switches on the high-tension frames out- 
side the building, have blades four feet in length, are of very 
rigid construction, supported by post type insulators of seven 
units from triangular steel trusses; they overhang at an angle 
from vertical to make their operation from ground easier for the 
operator. They are fitted with safety catches to prevent open- 
ing of their own accord, and also with specially designed sleet 
hoods to facilitate their operation during the winter months. 
All high-tension oil switches are of the remote control, solenoid- 
operated type, and with the exception of the high-tension bus 
tie switch, are automatic, being tripped by inverse time. re- 
lays actuated from current transformers in the switch bushings. 

The lighting of the grounds at night is accomplished by 
incandescent lights fitted with specially designed reflectors so 
that no light is thrown above the reflectors onto the high-tension 
wiring, the idea being that defects in the insulation could be 
more easily detected under such conditions. 

The low-tension equipment is all installed in the main sub- 
station building. This building is of concrete substructure and 
red brick superstructure, two stories in height, not including 
the basement which is connected with the tunnels. It is 81 ft. 
long, approximately 26 ft. wide and 27 ft. high, inside dimen- 
sions. A wing 19 by 26 ft. also projects from the center of the 
building on the side opposite the high-tension structures, the 
upper floor of which is used as the main control room, and con- 
tains the d-c. switchboard, motor-generators, telephone equip- 
ment and dispatching office and main control board. This room 
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is fitted with steel sash on the three sides facing the high-ten- 
sion structures, and because of its location, affords the operator 
an excellent view of all high-tension equipment and wiring. 
The lower floor of this wing is used for the main entrance to the 
building, the battery room, toilets, lavoratories, etc. 

The lower floor of the main part of the building is devoted 
entirely to the switch and bus structures, which are of enclosed 
constructions, made of pressed brick and alberene stone. On 
the second floor are installed all low-tension oil switches and 
station lighting equipment. 

There are four sets of 11,000-volt busbars which are normally 
tied together so as to form only two sets resembling a double 
U, and the outgoing feeders are connected through an oil switch 
to either of these buses by means of double disconnecting 
switches. A set of four-tank, three-phase aluminum cell, 
11,000-volt lightning arresters is installed at each end of this 
floor, and connected to the two 11,000-volt buses. 

All low-tension oil switches between the low-tension bus and 
the transformers are 15,000-volt, 500-ampere, remote control, 
motor-operated type, provided with definite time limit relays, 
while the switches in the outgoing feeders are of the same type 
but of only 300-ampere capacity. These switches are all 
operated from the main control board, but are fitted with four- 
pole switches on the motors which may be opened so that they 
cannot be operated from the control board, permitting repairs 
to.the switch without fear on the part of the repairman that the 
switch will be closed.’ 

The. low-tension equipment of this station also includes a 
30-kw. bank of 11,000/220-110-volt transformers and a 75-kw. 
bank of 11,000/440-volt transformers for supplying the energy 
used in the lighting, motors, pumps, motor-generators, and 
other station service; also two 10-kw. motor-generators and one 
40-ampere-hour storage battery. 

The main control board is of the ordinary bench board type 
with the pull-buttons, mimic buses, lamps, receptacles, etc., 
located on the bench, and all instruments, relays, etc., on the 
vertical boards. All oil switches operated from this board are 
fitted with d-c. trip coils and the power required in their opera- 
tion drawn from the storage battery, so that any interruption 
to the high-voltage service will not interfere with the operation 
of these switches. The motor-generators are used in charging 
the battery. 
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Provisions have been made in this station for six overhead 
outgoing 11,000-volt lines, and nine underground, all of which 
have not yet been installed. Each of the outgoing overhead 
lines is equipped with electrolytic arresters, which are located 
outside the main building between this building and the dead- 
ending structure for these lines, and the connections made 
to the arresters by an inverted hair pin with a strain insulator 
between the points. 
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The total cost of this station is shown in the following unit 
figures: 


SD GienChurewmern Hoare On. 0.357 per kw. 
puperseructarest... 0), OF Du QoGOs orp. - 0.961 
High-tension, steel frameseecy. hia sein os font. 0.841 

Mota! eléctrieal equipmént>................, 3.783 

Water supply syetemut. JOMmosP oifh ost 0.317. 

NEE oe Rohs boas ak a see 6.259 


The item total equipment includes both electrical, miscel- 
laneous and substation equipment, for the ultimate capacity 
of the station 60,000 kw. Most of this equipment, with the 
exception of one-half the ultimate transformer capacity, has 
already been installed. The above figures were secured by 
adding to the present known cost of installed equipment an 
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additional amount to cover what has not been installed, and 
therefore represent the cost of the completed substation. 


OTHER SUBSTATIONS 


In addition to the Boulevard station at Atlanta, substations 
have also been installed at Gainesville, Newnan, Marietta, 
Cartersville and Lindale, and high-tension frames at East 
Point, Fairburn and Aragon, Figs. 30 and 31, so that similar 
stations may be installed at these places when the demand for 
power at these places justifies the step. 

These stations are all almost identical in design, and very 
similar in general features to the station at Atlanta, so that a 
brief description of these various stations as a whole is con- 
sidered sufficient for the purpose of this article. 

The high-tension frames cover an area about 70 by 85 ft., 
and the substation buildings are constructed of concrete and 
brick, one story in height and approximately 40 by 22 ft. by 
25 ft. high, inside dimensions. 

The ground wires from the tower lines are connected with the 
towers in the steel framework, and the 110,000-volt lines con- 
nected to the high-tension buses strung under these steel frames 


through three-pole bolt type disconnecting switches, operated 


from the ground by means of a long shaft. These switches are 
not intended to be opened under load, but simply as section- 
alizing or disconnecting switches, although it was supposed 
when they were installed that there would be no difficulty in 
breaking the charging current of the lines and transformers with 
them. For both electrical and mechanical reasons, however, 
they have never been satisfactory, and arrangements have been 
made whereby all such switches are to be replaced with a more 
modern type of air-break switch. 

The transformers are connected to the high-tension buses 
through hand-operated automatic type oil switches, which are 
installed beneath the high-tension structures on concrete 
foundations and protected to some extent from the weather by 
a corrugated sheet steel covering of very simple design. The 
low-tension transformer leads are connected to the delta buses 
strung between the steel towers, and the connections from these 
buses to the oil switches inside the station building made as 
overhead lines, passing through openings in the side walls of the 
buildings provided for this purpose. The low-tension equip- 
ment consists of 15,000-volt hand-operated oil switches installed 
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in the transformer secondaries and each of the outgoing feeders, 
a 15-kw. 11,000/220-110 volt transformer bank for station and 
lighting service, and the switchboard containing the instru- 
ments, meters, etc. Each of the high-tension lines is equipped 
with aluminum cell lightning arresters, choke coils and horn 
gap switches, just as at the Atlanta station. The transformers 
are connected with the oil filter press and storage tank which 
is buried in the yard outside by a system very similar to that 
at the Atlanta station, although naturally much less elaborate. 

The present and ultimate capacity of the transformer equip- 
ment at each of these stations is given in the following table: 


Station Present Ultimate 
Cees Villead ys Rs se at ts el 1,500 kw. 3,000 kw. 
Newnan Ome hs ale oes” 2 3,000 6,000 
Cartersvilles-rirewe Mies fo mabe “eis 3,000 6,000 
MIE RICE Care see tn ote ik, Br an cation yn inna 3,000 6,000 
iB lave alerts pee ee. a Sho twee yt oe ae ae 6,000 9,000 


The transformers at all of the stations are self-cooled, single- 
phase, oil-insulated type, and guaranteed to operate under full 
load continuously with not more than 40 deg. cent. temperature 
rise or 55 deg. at 25 per cent continuous overload. 

The transformers at the Gainesville station are wound for 
110,000 volts primary and 11,000 volts secondary, and are 
equipped with four 24 per cent taps on both windings. 

The transformers at the other stations are wound for 110,000 
or 55,000 volts on the high-tension side, and 22,000 or 11,000 
volts on the secondary. These various windings are fitted with 
the following taps: 


OSOOOsVGltmrcmn sciatica te ek. cle Four 24 per cent 
OD, O00 Siaeemerre merce teen a One Two 5 per cent 
22 OOO WTS. aera k Ore, SAL s Eight 14 per cent 
I OOO ME aihbeesens. kph tise Bata esis .yatvinee Four 23 per cent 


The average unit costs of the typical small substations is 
given in the following figures: 


BBstSUCraseiyas . Fer ie. what etjelce . LLL < 0.222 per kw. 
DtEDCIGUGUCCIILC renee 2 inv awenee es ae rneS 1.942 
Each-fensionusteel tramesam. a. ye - ..e soe 1.316 
DRO Men Commer tin Ak ites: euch sw cceee 82128 


$11 .608 


GENERAL 
It must be borne in mind that the foregoing costs do not in- 
clude land or property accounts, with the exception that a 
typical right-of-way per mile figure is given in the transmission 
line expenses. These figures only include the actual con- 
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struction expenses and the inspection given any particular 
piece of work. The general engineering expenses are not in- 
cluded, nor are various other general items incident to con- 
struction cost as a whole. 

The following table gives the percentage relation of various 
expenses on the development as a whole, which might be applic- 
able to any other development, and therefore does not include 
the cost of land or property expense: 


General construction expenditure........... 75.575 per cent 
General engineering expense................ 3.078 
General legal expense. . Ut te eee dee to 
Interest, bonds and advances | during con- 
StfuctiOny ....: afreert tess cis oe rome merece 11.315 
General overhead expense.................. Ihe riree: 
General contract expense.......¢..:.5.5.---- 6.368 
‘Total Si5 i... =f eraae, or eerie aioe eee aernees 100 


As was the case with the transmission lines and substations, 
the power plant was operated under the construction depart- 
ment for about one year and the cost of making changes or 
adjustments, but not the actual operation expense, is included 
in these figures. The cost, therefore, represents the plant in 
as perfect an operating condition as contemplated by the design. 
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Discussion on ‘‘ CONSTRUCTION ELEMENTS OF THE TALLULAH 
Fatts DeveLopMent”’ (Apsit AND HamMonp), PHILADEL- 
PHIA, Pa., OcToBER 11, 1915. 


A. J. Porskievies: I ask Mr. Adsit to tell us what type of 
rotor the generator has, and also whether there is any reactance 
protection from short circuit, and whether the generators are 
operated with the grounded neutral; and finally, whether the 
efficiency of 953 per cent on the generator includes friction. 

A. S. Loizeaux: I would like to have the author explain the 
operation of the operating flashboard as detailed in Fig. 8. 

A. J. Porskievies: It is a very extended transmission system 
in a country noted for thunderstorms and I would be glad to 
have the author tell us about lightning troubles. 

C. G. Adsit: I rather think this is a stronger rotor than is 
usually used with vertical steam turbines. The rotor is built 
of solid steel disks with the pole pieces dovetailed thereto. The 
pole pieces in addition to this support have steel end rings which 
are bolted to the outer end to sustain the winding. The rotor 
is also provided with fans on each end to promote a circulation 
of about 35,000 cu. ft. of air per min. It is my understanding 
that the efficiency of 96 per cent includes all friction and the 
blowing of air for the generator ventilation. 

C. O. Lens: The flashboards used on the crest of the intake 
dam and also on the crest of the storage dam, are a type which 
has been used extensively in Switzerland. It consists of a 
board hinged at the bottom, which is fastened to the crest of the 
dam; at the upper end of this flashboard cables are attached. 
These cables in turn are connected to grooved winding drums, 
these winding drums being a counterweight to the pressure which 
is back of the board. The board, if mathematically worked out, 
it will be seen, requires about equal inertia in any position to 
move one way or the other, depending on the true balance condi- 
tion that may exist and so forth. So it is a movement depend- 
ing on which predominates, whether it is the water pressure or 
the dead weight of the rolling weight. This rolling weight runs 
up a toothed rack, and its form is such that it requires practically 
the same inertia to move in whatever position it is in. These 
boards have been in operation in countries where they have 
been subjected to ice, although there may be some question 
whether they would be satisfactory in releasing heavy ice 
over the top or not. In this particular case, we considered 
that there would be no real objection for there would be 
no ice present. So there is really nothing but a moving, rolling 
weight against the hydrostatic pressure back of the board. 

Mr. Biglow: Is there any trouble with trash coming down? 

C. O. Lens: No, they have found very little trash accumu- 
lates and there is no trouble with it on the racks, Even the 
amount that flows on the surface is not of very great moment. 


2440 HYDROELECTRIC CONSTRUCTION [Oct. 11 


A reservoir dam is back of the intake dam, and it accumulates 
there, unless the floods take it over. 

Mr. Biglow: I have seen a good deal of it on the Chocto- 
hachee. 

C. O. Lens: No, there would not be much, because the back 
ridge is pretty heavily wooded and timbered and the reservoir 
back of the storage dam, as well as the reservoir of the intake 
dam, was particularly well cleared. It was not only detimbered, 
but practically everything was cleared off so there is very little 
trouble from foreign matter carried over the dam. 

Geo. A. Hoadley: I have been interested in the comparison 
between two of the expenses mentioned in the last table. This 
appears to be a work in which the engineering operation is the 
larger element, but I have been considerably surprised in no- 
ticing that the general engineering expense is but $3.07, while 
the general legal. expense is. $1.89, considerably more than 
one-half of the general engineering expense. Now is there any 
particular explanation of that? That is, does it include any- 
thing more than the searching of titles and such legal work? 

C. G. Adsit: This item of legal expense does not include any 
abnormal charges. It is my belief and experience that 1.7 
per cent for legal expense is low rather than high. I think on 

ork as large as this and especially water power work involving 
various water rights and transmission lines involving the con- 
demning of property, that you usually find as many lawyers as 
you do engineers in connection with the development. 

There was one question regarding reactance. We have no 
special reactance in the generating station of Tallulah Falls 
beyond that in the generators themselves. That is, no external 
reactance to limit the current on short circuit. The high-tension 
side of the transformer installation isconnectedin star with the 
neutral grounded. In case the transmission line conductors 
are grounded there is a resistance provided between the ground 
connection and the transformer neutral which is intended to 
limit short-circuit current. We have had only one instance, 
so far as we know, where the transmission lines have fallen and 
that was on a connected system and not on our own. The only 
evidence at that time that anything unusual had taken place 
was the indication of fluctuating load on the generators and the 
heating up of this ground resistance. Otherwise we would not 
have known that a short circuit had occurred. We did not see 
the necessity of external reactance in this installation unless the 
short circuit occurred on the low-tension conductors. We are 
protected against this occurrence as nearly as possible with the 
proper construction without the use of reactance. There has been 
but one short circuit on the low-tension conductors and that be- 
tween conductor and ground, which was caused by rats standing 
on the pipe supports and reaching the conductors. What the 
magnitude of this short circuit was we do not know, except that it 
seriously burned the switch cell structure. 
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Harold Pender: What about lightning? e 

C. G. Adsit: Yes, something was said about lightning troubles. 
We have not had any serious lightning troubles of any nature. 
While we have not been entirely free of lightning disturbances 
the shut-down sdue to this cause have been very fewand it has 
been uncertain as to whether these shut-downs were due to 
lightning or other disturbances. 

R.B. Owens: Are your arresters at the receiving end only, or 
where are they? 

C. G. Adsit: At both ends and in the center of the trans- 
mission lines. : 

R.B. Owens: How did you determine that was the best place 
for them? 

C. G. Adsit: It was the convenient place rather than the 
best place. 

R.B. Owens: Youcharged them every day? 

C. G. Adsit: Every night when the load is light we charge 
the arresters at each location. 

R.B.Owens: What has been your experience with the out- 
door type of high-tension switch? 

C. G. Adsit: Well, we are changing them all now. I might 
say to that question that we have made a great many experi- 
ments on outdoor switches in connection with this transmission 
line. We find that the various types of outdoor switches had 
no trouble in opening the energy current, but they would not 
open the charging current of the line. 

Lars Jorgensen: The figures given seem to be reasonable 
and about what could be expected for the character of work done. 
There is possibly one exception, that of the diverting dam. For 
this the authors state that the cost was about $3.70 per 
cubic yard in place. For the mix given, the cement will cost 
$1.40, taking into account that only two-thirds of a yard 
of actual concrete is needed per unit volume of structure, 
the remaining one-third being rock thrown in after pouring. 
This leaves $2.30 per yard for rolling sand, mixing concrete, 
construction plant, the rock portion, etc. Some of the rock 
excavated from the foundation and for which the contractor 
was paid $1.50 per yard can possibly be used for plumstones, 
but much more wou!d undoubtedly have to be quarried for the 
purpose, therefore the price given seems exceptionally low and 
the work must have been done in a very economical manner. 
Thirty-four per cent of “‘ plums ” in a dam is a large percentage, 
and it has undoubtedly required some hand placing to get this 
large percentage in. The fact that the dam has cracked but 
little is probably due to the presence of this large percentage of 
plumstones, and to the fairly slow progress made (1000 yards per 
week), and because the dam was mostly built during the winter. 
The slight curvature given the dam could not be expected to 
keep down any tendency to develop cracks which might exist. 

The paper does not give any information as to the saving 
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effected, by substituting the welded penstock pipes for riveted 
pipes towards the lower end. It would be very interesting to 
know something about this, both as to the money saving effected 
and the head gained. This head has undoubtedly been measured 
by this time. 

The writer had an opportunity to watch a welded 30-inch 
diameter pipe go in this summer on a hydroelectric installation ’ 
utilizing about 1280 ft. head. This pipe was made in the 
United States in a manner similar to that in use in Germany, 
and was in every respect an excellent piece of work. From tests 
made to determine the strength of the weld it was learned that 
the joint efficiency was between 96 per cent and slightly above 
100 per cent. That it could be above 100 per cent is probably 
due to the fact that the material is worked more at the lap when 
being welded. The maximum plate thickness in the welded 
portion.of the pipe was } inch. Below this thickness riveted 
pipe was used, but this was a very small portion of the total. 
The saving effected in comparison with a riveted pipe was quite 
material. 
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THE REPULSION-START INDUCTION MOTOR 


BY JAMES L. HAMILTON 


ABSTRACT OF PAPER 


The repulsion-start induction motor for single-phase current 
has come into considerable prominence during the last 10 or 15 
years, asis fully attested by the large number of motors of this 
type now in operation, and by the increasing demand and pro- 
duction. While there is considerable literature available on 
the subject of repulsion motors, both compensated and non- 
compensated, and on induction motors, there is comparatively 
little information available on the repulsion-start induction 
motor, which is really a combination of two distinct types of 
motors. 

The objects of this paper are: 

1. To set forth the general characteristics of this type of 
motor and compare them with similar characteristics of direct- 
current motors and other alternating-current motors: 

2. To outline a definite and commercially practicable method 
of studying the electrical design of existing motors and of pre- 
determining the electrical design of new or proposed motors. 

3. To discuss the mechanical design and construction, 


1—GENERAL 


HE REPULSION-start induction motor may be described 
briefly as consisting of a field or stator of laminated 
toothed construction having a single winding, usually of the 
pyramidal type, wound thereon. and connected to the supply 
circuit; a progressively wound armature or rotor with a com- 
mutator and having brushes which bear on the commutator 
during the starting period, the brushes being removed from 
the commutator and the armature winding short-circuited 
through the commutator after the armature has attained 
sufficient speed. 

This type of motor therefore starts as a simple repulsion 
motor without compensating or auxiliary windings and operates 
as a simple repulsion motor until a predetermined speed has 
been attained, at which time the armature winding is short- 
circuited through the commutator and the brushes lifted. The 
motor then operates as a simple induction motor with an 
armature equivalent to the squirrel cage armature. 
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The straight repulsion motor without compensation gives 
the most efficient starting torque possible and the single-phase 
induction motor with the squirrel cage armature or its equiv- 
alent gives the simplest and most efficient motor when running, 
hence the rapid development of this type of motor with its 
desirable characteristics throughout. 

The discovery that a single-phase motor with armature, 
commutator and brushes as described above would start and 
operate without any electrical connection to the armature was 
made by Elihu Thomson, and the experiments leading up to 
this discovery are described by him in the United States Patent 
No. 363,185 issued to him May 17, 1887, and later patents 
issued in that year and following years to Thomson and others. 


These early patents describe a motor which started and oper- 
ated on the repulsion principle by short-circuiting a number of 
coils in favorable position with regard to the field magnetism by a 
comparatively wide brush, as is shown in Pigs) Lior Thiss plan, 
as is well known, has the disadvantage of using a part of the 
armature coils only at any instant. It was soon discovered, 
however, that the entire armature winding could be used to 
advantage by employing comparatively narrow brushes and by 
connecting these brushes together as shown in Fig, 2. 

It may be observed by referring to Figs. 1 and 2, the direc- 
tion of rotation will be different in the two types of motors 
and that the coils short-circuited by the brushes as shown in 
Fig. 2, exert a torque opposite from the direction of the torque 
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of the ‘armature as a whole, and therefore the number of coils 
short-circuited in practise is kept to a minimum by using a 
comparatively large number of commutator segments and 
narrow brushes. 

Objection has been raised to the term “ repulsion ” as apply- 
ing to this type of motor. The word “ repulsion” motor will 
be used here, however, as it is a well-known term and engineers 
in general understand that the fundamental principles causing 
torque in this type of motor are the same as in all types of direct- 
current or alternating-current motors; that is, that a current 
in a wire at right angles to and situated in a magnetic field tends 
to move out of that field, the direction of motion being well 
known when the direction of the magnetic field and the direc- 
tion of the current in the wire are known. 

Little was done on the repulsion type of motor in a com- 
mercial way for several years after these fundamental patents 
were granted, due to the limited demand for alternating-current 
power motors and due more particularly to the fact that about 
the date of these fundamental patents on repulsion motors, 
it was discovered and patents were granted showing that a 
single-phase motor having a squirrel cage armature could be 
started by a double winding on the field which gave a form of 
rotating field. This type of motor is now the well known split- 
phase alternating-current motor. This latter type of motor 
without the auxiliary winding is the kind of induction motor 
which we have in the type of motor under discussion when it 
is up to speed. 

Most engineers in this country and abroad, as is shown by 
the electrical literature following the dates of these funda- 
mental repulsion patents, considered the split-phase motor with 
its substantial armature better and more satisfactory as a basis 
for developing a single-phase power motor. 

During the period of 1894 to 1900 the demand for a prac- 
ticable single-phase power motor having good starting torque 
and efficiency, and at the same time good running torque and 
efficiency, caused some of the engineers in this country to take 
up actively the question of developing a commercially satis- 
factory single-phase motor. They realized that the repulsion 
motor had the starting characteristics so much desired and 
that the single-phase induction motor with the squirrel cage 
armature or its equivalent possessed the desirable running 
characteristics, that is, a definite limiting or synchronous speed 
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and comparatively small slip or dropping off of speed under 
load and the absence of brushes on the commutator when 
the motor is up to speed. 

The repulsion start induction motor came into commercial 
prominence about the period of 1895 to 1900, first as a hand 
start or manually operated motor when starting, and later, in- 
genious devices for automatically performing this function 
were developed. During the period of 1900 to the present date 
no radical improvements have been made with reference to 
this type of motor. However, it has been consistently im- 
proved in all of its electrical and mechanical details until at the 
present time it is doubtful if any other alternating-current or 
even any direct-current motor is more satisfactory alike to 
manufacturer, central station and’ user. 

Torque Efficiency at Start. As the starting efficiency of 
an alternating current power motor is one of the most interest- 
ing points for discussion, the starting efficiency of this type of 
motor will be considered and comparisons made with direct- 
current motors, polyphase motors and other types of single-phase 
motors. 

Table I gives the starting torque in per cent of the full-load 
torque, starting current in per cent of full-load current, per 
cent of full-load torque at start for 100 per cent full-load cur- 
rent and maximum pulling torque in per cent of full-load torque. 
As may be noted from these data, the direct-current shunt or 
compound motor, the two- and three-phase wound rotor in- 
duction motor with resistance in rotor at starting, and the 
repulsion start induction motor have very much the same 
starting efficiency, and all other types of alternating-current 
motors are inferior particularly the two- and three-phase squirrel 
cage of the larger sizes and the single-phase motor of the split- 
phase type, so that the repulsion start induction motor com- 
pares very favorably in regard to starting efficiency with the 
best type of direct-current or alternating-current motors avail- 
able. The central stations are favorably inclined toward this 
type of single-phase motor as it causes a minimum line dis- 
turbance, and it is quite usual nowadays for central stations 
to limit the starting current of single phase motors to 300 per 
cent of full-load current for motors up to and including 5 h.p. 
and to limit starting current to 150 to 175 per cent of full-load 
current for 73 h.p. and larger. While starters are not required 
for any size of repulsion start induction motor up to 50 h.p., as 
they take not over 300 per cent full load current at starting, 
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however, it is quite usual to use a resistance or compensator 
starter for sizes of 73 h.p. and larger, so as to cause a minimum 


of line disturbance. 


Kind of motor. 


Small d-c. comp. without 
Small d-c. shunt without starter. 
Phepeaud smalier ss... 5.002% 
Large d-c. comp. with starter. 
*b.p.and largerscans caves ce ac’ 
Large d.c. shunt with starter. 
+h p.anddargersnenieneirt ke 
Small two- and three-phase 
squirrel cage ind. motors with- 
out starter. }h.p.and smaller... 
Two- and three-phase squirrel 
cage ind. motors without starter. 
ths prand larger cay. sya sae 
Two- and three-phase wound 
rotor ind. motors with resistance 
in rotor for starting. 5h.p. and 
WD eiccscsraieve o aspscs cede Ue 
Single-phase ind. motor split 
phase start, upto}h.p......... 
Single-phase ind. motor with 
clutch and with hand or auto- 
matic start, for cutting res. and 
reactance in and out of circuit,— 
UPCOUO nip. ee ete ee 
Single-phase strongly compen- 
sated repulsion motor up to 15 
EU Dectene etre creneistekotere siahensucare scree 
Single-phase weakly compen- 
sated repulsion motor up to 1 h.p 
Single-phase repulsion start 
ind. motors 1/10 to ¢h.p.ince.... 
Single-phase repulsion start 
ind. motors, } h.p. and larger.... 
Single-phase repulsion start 
ind. motor, 74 h.p. and larger 
with resistance starter........., 
Single-phase repulsion start 
ind. motor 7} h.p. and larger, 
with compensator starter....... 


TABLE I 


Se a a ee eee eee ee 


Starting tor- Starting cur-|Per cent full] Maximum 
que in per rent in per | load torque pulling 
cent of full | cent of full- | for full load | torque in-per 


load torque. | load current current cent of full- 

load torque. 
350 450 78 275 
250 450 55 200 
200 170 118 300 
180 170 106 225 
215 475 45 225 
225 550 41 225 
150 150 100 225 
220 500 44 225 
140 250 56 150 
225 500 50 275 
360 270 133 300 
450 260 175 225 
335 270 125 175 
100 170 60 175 
100 100 175 


100 


With a resistance type of starter this motor causes a little 
greater line disturbance, and with a starting compensator causes 
substantially the same line disturbance as does a direct-current 


2448 HAMILTON: INDUCTION MOTOR [Oct. 19 


motor withastarter. This typeof motor like the direct-current 
motor in all sizes will bring up to speed promptly a load from 
125 to 150 per cent of full-load torque. 

Weight, size and cost. The weight and size of the repulsion 
start induction motors are substantially the same as for direct- 
current and other types of alternating-current motors. There 
are considerable differences in the weights and sizes of any 
two lines of the same kind of motors due to different manu- 
facturers emphasizing certain features of design, such as staunch- 
ness in one case and lightness and compactness in another case. 
The cost of this motor is not materially different from the cost 
of a similar size and construction of direct-current motors or 
other types of alternating-current motors. The installation 
cost of a multiphase motor of a given capacity is substantially 
greater than that of a repulsion start induction motor of the 
same size on account of the increased line construction, the 
multiphase motors requiring at least three wires, and on account 
of increased transformer cost which will average about 30 per 
cent greater than the transformer cost for the single-phase 
repulsion start motor. The transformer losses will be about 
25 per cent greater for the multiphase installation than for the 
repulsion start induction motor installation. 

Use and field of application. This motor, possessing as it 
does high starting torque characteristics, is well adapted for 
operating such apparatus as requires large starting torque, 
that is, pumps starting under full head, air compressors start- 
ing under a maximum pressure, rock crushers which are equipped 
with the necessary flywheel, baker’s machinery where the tub. 
is full of dough ready for final mixing, meat choppers, coffee 
mills which have been stopped with the burrs full of coffee, etc. 
These motors, because of their not requiring a starter, are well 
suited for operating vacuum cleaners, pumps which are con- 
trolled automatically, sewerage disposal pumps; and are in 
extensive use for the operation of organ blowers, and heating 
and ventilating apparatus, because they can be started from a 
distance and because they start quickly, and the brushes being 
removed from the commutator after attaining speed makes it 
possible to produce exceedingly quiet and smooth operating 
motors of this type. 

The central stations are objecting more and more to the split- 
phase motors on their circuits on account of the large starting 
current, even in sizes of + h.p. and smaller. 
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As the result of the demand for small fractional horse power 
motors which may be operated on all lighting circuits with no 
inconvenience to the lighting service, repulsion start induction 
motors have recently been developed and are now on the market 
in all sizes down to 1/10 h.p. and are rapidly replacing the 
split-phase motor for operating small coffee mills, meat choppers, 
house pumps, etc. 

The field for the application of this type of motor is therefore 
almost unlimited, and it is being used extensively not only in 
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this country but in practically all foreign countries where 
alternating-current systems of distribution are used. 


2—ELECTRICAL DESIGN 
Analysis of 5-h.p., 104/208-volt, four-pole, 1750-rev. per min., 
60-cycle motor. In analyzing an existing motor it is well to 
make an accurate load test if practicable to check the calcula- 
tions, taking sufficient readings to be sure of the performance. 
A running idle magnetization test should be made, beginning 
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with a voltage somewhat above normal and reducing the volt- 
age, taking readings at suitable intervals until the voltage is 
reached where the current begins to increase. A further de- 
crease in voltage causes the motor to stop. The blocked satura- 
tion test is made by short-circuiting the entire commutator by 
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some convenient method and beginning at a low voltage read 
watts, volts, and amperes to motor, taking readings up to full 
voltage of motor, or as near full voltage as is practicable. 
The results of load test, running idle magnetization test, and 
the blocked saturation test, are shown in Figs. 3, 4 and 5 re- 
spectively, the observed points in each case being indicated. 
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Moror Data 
48 field slots; 61 armature slots. 
Field winding 43 coils per pole of 22 turns of No. 11 wire 
in each coil, connected in series parallel on 208 volts. 
Resistance of field on 208 volts = 0.287 ohms. 


Armature winding 122 coils of 3 turns of No. 12 wire in each 
coil. | 


Diameter of field punching = 13 in. 

Bore of field punching = 8} in. 

Net amount of iron = 5 X 0.95 = 4.75 in. 
Single air gap = 0.035 in. 


cae val alt 


Winding Constant Calculations. 


Centrallors ist coll <1 S8=— 18 
2nd Lex ZAP 25 
srd“ -1)X30) = 30 
Ath of ole<33n=33 


Outside 4 coil 2 34-17 
123 
hes 123qiaa 
Winding constant = Suey ae 0.805 


The voltage on each pole is 104. 
The number of turns on each pole is 44 K 22 = 99 


104 X 108 


Flux per pole = 4.44 X60 X99 X 0.805 


= 490,000 lines 


Flux in central field tooth = 2 4 x 490,000 = 65,000 

The above winding constant calculation, it will be observed, 
is based on the theory that the magnetic flux in the various 
teeth is proportional to the ampere turns surrounding those 
teeth. If we assume a sinusoidal flux distribution and de- 
termine the winding constant by integration we will get a wind- 
ing constant of 0.786 in this case, and flux per pole and flux 
in central tooth of approximately the same values as were 
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obtained above. The writer has found this method of getting 
the winding constant very simple and reliable. 


MAGNETIC CIRCUIT CALCULATIONS 
a Ee eek i 


Amp. 
Width |Length| Area Length] turns | Amp. 
Section in in in sq. | Flux |Density of per | turns 
inches inches Jinches circuit inch 
Se Puls MEO enee or yhtr cn 
Field. teeth... 5... 3/16-Min. | 4.75 0.89 |65000 | 73000 | 2-3/16] 3-1/2] 8 


1/4 —Aver.| 4.75 1.07 |65000 | 60600 
Bield tyokess-.cgacee 1-1/4 4.75 5.94 |245000} 41300 | 9.24 22 20 
Arm teether jeeeniee 7/64—-Min. | 4.75 0.52 |51200*| 98500 | 1-3/4 |19.5 34 
9/64—Aver.| 4.75 0.668/51200*| 76700 

4 

5 


ATM ey O Ke sera tatetotetete 1-5/16 75 6.24 |245000| 39300 | 4.25 2.0 8.5 
Air gap per tooth.. ./15/32 2.34 165000 | 27800 | 0.070 609 . Of 


Total 679.5 
field slots 48 
— X flux per field tooth = om X 65,000 = 51,200 
1 


*Flux per armature tooth = 
arm. slots 


tAmpere-turns absorbed in air gaps = 0.313 27,800 X 0.035 * 2 = 609 


The magnetizing current required to produce this flux is 


679.5 


2x 99 xX 0.707 = 2.43 amperes. 


Since there are two parallel circuits through the field we 
have 2 X 2.43 = 4.86 amperes magnetizing current for main 
field. 

In a single-phase induction motor the cross field magnetizing 
current (corresponding to the magnetizing current in phase 2 of a 
two-phase motor) is also carried by the one winding, and in a 
motor of this size the cross field can be assumed to be 95 per 
cent of the strength of the main field. We have for total mag- 
netizing current on 208 volts 


4.86 X 1.95 = 9.48 amperes, 


which checks substantially with the magnetizing current of 
9.25 amperes observed on this motor. 

The strength of the cross field of the single-phase induction 
motor may be determined by placing exploring coils in position 
corresponding to position of phase 2 of a two-phase motor and in 
this way it will be found that when the motor is running idle 
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the cross flux will be about 90 per cent of the main flux for z-hip: 
motor and about 95 per cent for 5-h.p. motor, and less than 90 
per cent for motors smaller than 4 h.p. and greater than 95 per 
cent for motors larger than 5 h.p. 

As the air gap reluctance is always a very large percentage of 
the total reluctance of the magnetic circuit it is well to exercise 
considerable care in determining the effective area of air gap 
per field tooth and also the length of the air gap or clearance. 
Experience shows that the effective width of the air gap per tooth 
is obtained very closely for partially closed slots in field and arma- 
ture when 35 to 40 per cent of one field slot opening is added to 
the actual width of the field tooth at air gap. The dimension 
15/32 in. of width of air gap per tooth given above was obtained 
by adding 37.5 per cent of one slot opening to width of iron of one 
tooth at air gap. The length of the air gap per tooth along the 
shaft should be the gross length of iron in motor exclusive of 
ventilating ducts. 

Circle diagram and calculation of performance. The data for 
getting the armature resistance and the running idle and blocked 
points for a circle diagram are taken from the idle magnetization 
curves Fig. 4 at 208 volts and the blocked magnetization curves 
Fig. 5 at 208 volts, and are calculated as follows: 


Res, of | Power 
Watts | Volts | Amps. | Cos #|Ip”Rp| 7s? Rs) arm. in| com- 
ohms ponent 


Wdlemy arsisisterctenots ote 310 208 9.25 | 16.1 24.5 12.5 1,49 
Blocked d)}..... 4h) 2, 7720 208 94.5 39.2 2560 5160 0.577 37. 


The circle diagram can now be constructed. 

The running idle point of the circle diagram is therefore on an 
arc of 9.25 amperes and at a height of 1.49 amperes. The blocked 
point is on an arc of 94.5 amperes and at a height of 37 amperes. 
The circle can now be drawn, the center being on a horizontal 
line passing through the running idle point and the circle pass- 

ing through both the running idle point and the blocked point 
as shown in Fig. 6. 

The armature resistance now being known, the various losses 
of the motor running idle can be separated and plotted as is 
shown in Fig. 4. The extension of the observed watt curve to 


2454 HAMILTON: INDUCTION MOTOR [Oct. 19 


zero voltage gives the friction and windage losses. In calcula- 
ting the armature or secondary copper loss one-half of the primary 
current for that voltage is used, for, as we have previously stated, 
the current in the armature running idle is the cross magnetiz- 
ing current and is therefore approximately one-half of the total 
field or primary current. The loss remaining after the other losses 
are subtracted from the observed loss gives what we will call 
“added” iron loss. This subject of “‘ added ” iron loss is of 
sufficient importance to be given separate consideration which 
will be done later on in this paper. 

The free magnetization curves with the losses separated, Fig. 4, 
gives one at a glance the various losses in the motor running 
idle at different voltages on the motor, and therefore the action 
of the motor with different strengths of windings. Lines showing 
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the densities of different parts of the magnetic circuit may be 
drawn on this free magnetization curve if desired. 

We may now proceed to calculate the complete performance 
of this motor as follows: 

Columns 1, 2 and 3, as indicated, are taken from the current 
locus or circle diagram of the motor in the usual way, it being 
remembered that the secondary current is to be taken or measured 
from the point half way between the origin and the running idle 
point. t 

The item 273 at head of column 7 is the sum of the iron losses 
(transformer and “added”’) 129 watts and the friction and wind- 
age loss of 144 watts. 

Item 12.5 at the heading of column 12 is the copper loss in 
armature running idle. 
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The calculated performance curves can now be plotted on the 
curve sheet Fig. 3 with the points which were plotted from the 
observed load test. The observed and the calculated perform- 
ance check sufficiently close for all practical purposes and any 
slight differences are due among other things to the difficulty 
of observing with precision the performance of a motor by loading, 
and due to it being almost impossible to eliminate changing 
temperature conditions which affect the performance to a con- 
siderable extent. 

We now know the performance at various loads and the 
various losses in the motor at those loads with as great an ac- 
curacy as is consistent with the nature of the problem. 


Iron Loss CALCULATIONS 
The iron loss calculation is given below. 


Field Teeth Field Yoke 
— —— ———_—__—_—--| Total Per Total 
Loss Loss calc. cent observed 
Weight | per lb. Loss Weight | per lb. Loss loss added loss 
18.7 i370} B20 65.6 0.68 45 ihe 66 129 


The weight of the field teeth and the weight of the field yoke 
can be obtained with sufficient accuracy by calculating the 
volume of iron in teeth and yoke, and knowing the magnetic 
densities in these parts, and taking the loss per lb. from a loss 
curve of the iron used, we get the total calculated or transformer 
iron loss of 77.7. The total observed loss is taken from the idle 
magnetization curves. This loss was found to be 129 watts, 
which is 66 per cent more than the transformer loss for this motor 
and we have called it “ added ” iron loss. 

“ Added ”’ iron loss is a very profitable and interesting phenom- 
enon for study but we can only touch on this subject here. The 
principal cause of the added iron loss seems to be the high fre- 
quency ripples in the magnetic flux caused by armature teeth 
and gaps sweeping by the field teeth and gaps. The fundamental 
frequency of these ripples can be calculated as follows: For the 
motor under discussion when running at synchronous speed 
we have 1800 rev. per min. + by 60 the number of cycles = 30 
rev. per sec. Since there is a complete change of conditions for 
each 1/61 of the armature rotation, the frequency of these 
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changes = 61 X 30 = 1830 cycles per second or 30.5 times 
supplied frequency. This very high frequency ripple in the mag- 
netism will cause considerable ‘‘ added’ iron loss even if the 
combination of field slots and armature slots and the shape of 
tooth tips, slot openings and surface of armature and field 
bore are correctly designed and made, but if some or all of 
these conditions are bad very high “‘ added ” iron loss will result. 

It has been the writer’s experience that well-proportioned 60- 
cycle induction motors, single-phase or multiphase, wound or 
squirrel cage armatures will have from 25 to 100 per cent 
“added ”’ iron loss, and poorly designed motors may have up 
to 250 per cent and even higher ‘‘ added ’’ iron loss. Con- 
siderable care should therefore be exercised to keep the chance 
for appreciable ripples in the magnetism to a minimum. 

When calculating the transformer iron loss of this motor, as 
may be observed from above data, no account has been taken 
of iron loss in the armature. There is a theory of single-phase 
motors which deals with the motor as though there were two 
revolving fields in the armature, which, when the motor is run- 
ning at synchronous speed, causes a double frequency in the 
armature. 

To determine in just what respect, if any, the iron losses of 
a single-phase motor differ from those of a two-phase motor, 
the following results were observed. A two-phase motor hav- 
ing ball bearings to reduce the friction to a minimum and to 
maintain the friction loss constant was wound with a pyramidal 
winding for each phase, which gave the same magnetic flux 
distribution whether the motor was operating on one or both 
phases. This motor was tested and the performance and the 
losses completely analyzed. The total iron losses for the motor 
operating as a single-phase motor were found to be substantially 
and for all practical purposes the same as when operating as a 
two-phase motor, the total iron loss being from 1 to 2 per cent 
higher for all magnetic densities on two-phase than on single- 
phase. 

We may therefore conclude that the iron losses in a multi- 
phase and in a single-phase motor are the same for all practical 
purposes when the magnetic densities are the same, and that 
there are practically no transformer losses in the armature in 
either type of motor when running idle, as the rotating mag- 
netism and the armature are almost in step. There is, however, 
an ‘‘ added ”’ iron loss in the armature as in the field, and due 
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to the same causes. All of the ‘‘ added” iron losses (field and 
armature) are therefore included in the term ‘‘ added ”’ iron less. 

Circle coefficient calculations. The circle coefficient and maxi- 
mum power factor of this motor may be calculated from the 
physical dimensions of the electrical design by Behn-Eschen- 
burg’s empirical formula as follows: 


ey 21d age 
pe ey eee 


o 


= circle coefficient 

= the mean number of slots per polein fieldand armature 

width of the slot openings in inches 

= motors single air gap (clearance) in inches 

= average tooth tip thickness of field and armature in 
inches 

pole pitch in inches 

I1 = net iron length of the core in inches. 

For this motor we have 


Qa eA 
I 


3 
I 


hee, hating zi 10 X 0.035 X0.031 e 5 X 0.035 
~ 13.62? 13.62 X 0.125 X 6.47 5 


= 0.01610 + 0.00099 + 0.03500 = 0.0521 


o 


Since the maximum power factor for a single-phase induction 
motor = 
f 
1+4xXo 
we have 


1 
1 + 4X0.0521 83 per cent max. power factor calculated, 


which is a fair agreement with the observed maximum power 
factor of 85 per cent for this motor, and the calculated maximum 
power factor of 85.5 per cent. 

Resistance of field and armature. The resistance of the field 
of 0.287 ohms used in these calculations was calculated from 
the weight of the field wire. The resistance’ of the field was also 
calculated from the length of wire by developing one quarter 
section of one field pole and laying out the various coils to scale, 
the resistance in this way was calculated to be 0.295 ohm, which 
checks substantially with the figure by weight of 0.287 ohm. 
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With a little time and care the resistance can be obtained quite 
accurately by the length method and assists greatly in pre- 
determining the resistance of field of a proposed motor. 

The total cross-section in circular mils of all the wires in all 
the slots of the field and of the armature is 


Field 2X18 X 22 X 8234 = 6,540,000 
Armature 2 X 122 X 3 X 6530 = 4,800,000 
The resistance of the armature is not 
6,540,000 i 
4,800,000 X< 0.287 = 0.391 ohm 


as might be expected, as the copper in the armature is not as 
effectively used as in the field, which has a pyramidal winding. 
We therefore have for this motor 


6,540,000 ¥ = 
“4,800,000. xX 0.287 X K = 0.577 = observed resistance of 
armature from the blocked test or 


K = 1.47 


This constant is usually of the proportion of 1.4 for four-pole 

motors, 1.7 for six-pole motors. This we believe is the simplest 
and most practical method of dealing with the armature resist- 
ance. 
- We have now analyzed and calculated this motor completely 
for the running idle and various load conditions. We will 
now inquire into the various calculations and show how the 
performance of a proposed motor may be predetermined. 

Predetermining the performance of a proposed motor. Every 
designer has, more or less, his own method of starting a new 
_electrical design and each method if correctly and consistently 
followed leads to substantially the same result intheend. The 
writer has found the following method quite satisfactory. 

Fig. 7 gives the total magnetic flux for four- and six-pole 60- 
cycle single-phase induction motors for various maximum horse- 
powers up to 40 horse power. Data like these give a very con- 
venient and safe starting point for preliminary design for not 
only this type of motor but for any alternating-current induction 
motor, as the principal factors which may cause a variation in 
the total magnetic flux for a given maximum horse power or 
armature resistance and leakage, both of which are fairly con- 
stant for motors of same size and general construction. 
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The number of slots in the field and armature should now be 
decided upon. In general, too few or too many slots in field or 
armature will be found disadvantageous. In general either a 
less number or greater number of armature slots than field slots 
may be used with substantially the same results, provided the 
average number of slots per pole in field and armature is the 
same. The average number of slots per pole in field and arma- 
ture varies from 5 to 15 in this kind of motor, being near the 
smaller figure for small motors and nearer the larger for larger 
motors, say 5 h.p. and larger. 

One of the most important features of the design for smooth- 
ness and quiet operation, as we have intimated while dis- 
cussing ‘‘ added ” iron loss, is the combination of field and arma- 
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ture slots. The principal features affected by this combination 
are noise, uniformity of starting torque, and ‘‘ added ”’ iron loss, 
but it should not be inferred that these features depend entirely 
on the combination of slots, as there are other things which may 
affect these features, such as, centering of field and armature, 
air gap, magnetic densities, shape and size of slots and tooth 
tips and the rigidity of general design, method of mounting field 
and armature iron and amount of twist in field or armature, al] 
of which combine to form a problem far too complex to state 
definitely at the present time, but about which nevertheless 
considerable is known. In general, then, the combination of 
slots and general proportions should be restricted to those 
combinations which have been tried and not found wanting. 
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Having decided on the number of slots in field and armature 
to be used, and knowing the number of poles and the voltage 
of the motor, the number of turns may be calculated from the 
formula used in analyzing the motor earlier in this paper. In 
calculating the winding constant and determining the number of 
slots to be left empty it can be borne in mind that there is no 
advantage in filling more than 75 per cent of the slots when 
there are eight or more slots per pole. Knowing the number of 
wires per slot, and by estimating the current taken by the motor 
at full load, the preliminary size of the field wire can be estimated, 
allowing 500 to 800 circular mils per ampere. The smaller 
number of circular mils per ampere should be used only in motors 
that are well ventilated with definite air circulation, or in motors 
where it is known that the service will always be of such an 
intermittent character that the motor will never overheat. 

Knowing the field winding and therefore the resistance, the 
armature winding and resistance may be calculated as has been 
outlined. : 

Having the magnetic flux per pole and having determined the 
number of coils per pole, the flux in the central field tooth can 
be determined as has previously been done. By fixing the 
magnetic densities in the different parts of the magnetic circuit 
the area of the different members can be calculated. The 
magnetic densities which may be used, of course, depend to a 
large extent upon the quality and kind of sheet steel used. How- 
ever, practically all sheet steel used nowadays in alternating- 
current motors shows a permeability and watt loss substantially 
as good as is givenin Fig. 8. With iron of this quality the 


Lines per sq. in. 


Field yoke can be worked at. 60,000 to 80,000 
Field teeth aver. sectioncanbeworkedat 80,000 “110,000 

“ “ min. “ “ « “ «“ 100,000 “ 125,000 
Armature teeth aver. fF malts “90,000 “115,000 

“ “ min. “ “ “ “ “ 100,000 “ 130,000 

“ “ yoke “ Ke “ “ 75,000 “ 90,000 


for 60-cycle motors. 

The preliminary electrical design may now be drawn to scale, 
beginning either with an armature diameter or field iron diameter 
that is considered about correct or is desirable to be used. The 
preliminary design may be either too long along the shaft, in 
which case a larger armature diameter is necessary, or too short 
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along the shaft, in which case a smaller armature diameter should 
be used. 

The best general proportions as to the relation of polar pitch 
at the air gap and the length of iron along the shaft may be 
checked by the following observations on this type of motor. 
The length of iron along the shaft should be 50 per cent to 100 
per cent of the polar pitch, 60 per cent to 70 per cent giving the 
best all around performance, but if the diameter of armature and 
field punchings are large a motor will be somewhat more expen- 
sive in general to build. If, as is often the case with the larger 
motors, it is desirable to build four-, six- and eight- pole motors 
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in the same frame, 50 per cent for four-pole motors may be used, 
which will result in fair characteristics for each of the three 
motors. 

Having made the preliminary design and checked the general 
proportions, if it is considered advisable in view of the facts con- 
cerning these general proportions, new diameters and lengths 
may be determined for the electrical design. The second design 
will therefore usually be safe to proceed with. 

The magnetizing current, the field and armature copper loss 
and the iron loss may now be calculated as was done when ana- 
lyzing the existing motor. The “ added ” iron loss and friction 
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and windage loss may be estimated with a fair degree of accuracy 
from data on existing motors. This gives the necessary data for 
plotting the running idle point of the circle diagram. The circle 
coefficient, the maximum power factor and hence the diameter 
of the circle may now be calculated from the physical dimensions 
of the electrical design as was done previously, the circle being 
drawn as before through the running free point and tangential 
to the maximum power factor line, the blocked point not as yet 
having been determined. The complete performance may there- 
fore now be calculated as was previously done. 

Having a complete lay-out and calculated performance of the 
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design, the different factors, such as, slip, power factor, efficiency, 
etc., may be considered in detail, and detail modifications made, 
and the effect on the other factors noted with comparative ease. 
For instance, the maximum efficiency can be made to occur at 
either less or greater than full load by arranging the iron losses 
and the copper losses accordingly. The point at which the 
maximum power factor occurs can to a certain extent be regu- 
lated by modifications of the design. 

The temperature rise of the different parts of the motor de- 
pends, of course, to a large extent on the mechanical design, 
construction and ventilation whether natural or by forced draft 
as with a definite fanning action. Fig. 9 will serve to indicate 
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in general how much the temperature of the frame may beexpected 
to rise above the surrounding air. 

Discussion of brush setting. The external characteristics of the 
repulsion motor being subjected to a wide variation due 
to the setting of the brushes in various positions with respect 
to the neutral axis or dead point, as it is more commonly 
known, it is of prime importance to determine the most 
advantageous position to set the brushes relative to the duty the 
motor is to perform. In general, the shifting of the brushes of a 
repulsion motor away from the dead point will increase its static 
torque up to a certain point, and thereafter the static torque will 
decrease with the further shifting of the brushes, while the 


——Standard Armature Res. 0.577 Ohms. 
--—-=-Special Armature Res. 0,99 Ohms. 
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shifting of the brushes away from the dead point will decrease the 
strength of the repulsion motor for bringing the load up to speed. 

Test results on the 5-h.p. motor analyzed above are given here 
to bring out the pertinent points in the operation of a repulsion 
start motor. The resistance of the armature is approximately 
twice that of the field. 

The effect of the brush setting and starting characteristics 
are clearly shown in Fig. 10, where the blocked torque, amperes 
and power factor are plotted against the distance in electrical 
degrees that the brushes are set away from the dead point. 
It can be noted that the torque varies approximately as a sine 
curve, reaching the maximum at 12 electrical degrees (four-pole 
motor) from dead point, while the torque decreases as the brushes 
are shifted further from the dead point. From a starting view- 
point, the torque per ampere increases with the increase of the 
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distance the brushes are set from the neutral axis, within the 
range that the motor can be operated. So from this viewpoint 
it is desirable to have the brushes set a considerable distance 
from the dead point. 

Somewhat contrary results as to the proper brush setting are 
shown by the speed-torque curves with the brushes in eight 
different positions, varying from 2 deg. to 16 deg. from the dead 
point. This shows that the motor as a repulsion motor, will 
develop the greatest torque at 1350 rev. per min. and at higher 
speeds when the brushes are set close to the dead point. It 
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can be noted by referring to Fig. 11 that after a speed of 1350 
rev. per min. is reached the 2 deg. position has the greatest 
torque, with the running torque decreasing at that speed as 
the brushes are shifted away from the dead point. 

Fig. 12 shows the variation of horse power and torque and indi- 
cates that the 4 deg. position develops the greatest horse power, 
showing that a shifting of the brushes in either direction from 
this point causes the motor as a repulsion motor to become 
weaker and the horse power it will pull up will be less. Thus 
we see that at the 12 deg. setting of the brushes the motor has 
the strongest starting torque and at the 4 deg. setting it de- 
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velops the greatest horse power, so the final setting of the 
brushes is a balance between these two positions, depending 
upon the application of the motor. 

To consider the whole cycle of operation of the repulsion start 
induction motor as it comes up to speed as a repulsion motor, 
and is short-circuited and converted into an induction motor; 
the curves of the repulsion motor for the 8 deg. setting are super- 
imposed on the curves of the induction motor. Imposing the 
condition that the armature is short-circuited at a predetermined 
speed, the static torque and current, the maximum torque that 
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can be brought up to speed, the surge of current when the short- 
circuiting occurs, and the maximum horsepower that can be 
brought up to speed, can be analyzed in the following manner. 
Referring to Fig. 14, presupposing that the governor mechanism 


short-circuits the armature at 1600 rev. per min. as indicated 
by position A on the repulsion motor speed curve, and follow- 
ing the vertical line down to point B, shows 16.5 Ib-ft. torque 
was brought up to that speed. Further, point C on the same 
vertical line shows the current then will be 28.0 amperes. A 
short-circuiting of the armature then occurring at 1600 rev. 
per min. is at point D on the speed curve of the induction motor, 
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and following the vertical line down from that point to point 
E on the torque curve of the induction motor, it has 28 lb-ft. 
torque. Point F indicates that the current increases to 60 
amperes. However, as just 16.5 lb-ft. torque was brought up 
to 1600 rev. per min. by the repulsion motor, and the induction 
motor immediately after short-circuiting occurs, having 28 lb. 
ft. torque, will rapidly carry the armature up to the speed where 
the induction motor will carry the torque that was brought up 
by the repulsion motor as shown by position G on the torque 
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curve of the induction motor, which is the same torque as that 
of position B of the repulsion motor. Position G shows that 
at 16.5 lb-ft. torque the load on the machine will be 5.4 horse- 
power. At that horse power the speed is 1735 rev. per min. 
and the current is 27.5 amperes, so this case shows a condition 
where the repulsion motor brought up to speed 5.4 horse power 
with an increase of current from 28.0 to 60 amperes, which is 
240 per cent of full-load current when the governor short-cir- 
cuits the armature... The torque of the motor after short-cir- 


2468 HAMILTON: INDUCTION MOTOR [Oct. 19 


cuiting being considerably greater than before short-circuiting, 
the load is brought up to speed so quickly that an ordinary 
damped ammeter will show only 5 to 10 amperes increase of 
current at the time of short-circuiting. 

The lower the speed at which the short-circuiting occurs, the 
greater the torque that can be brought to speed and the greater 
the current at short-circuiting, until the speed is reached where 
the induction motor has its maximum torque; at lower speeds 
the amount of torque that can be brought to speed decreases 
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rapidly. So here again the determining factor is a balance 
between the horse power that is desired to be brought up to 
speed and the increase of current that occurs when the arma- 
ture is short-circuited. Table III shows a complete analysis 
with the brushes set 8 deg. from the dead point, and the short- 
circuiting occurring at various speeds. 

The curves Figs. 18, 14, and 15 and Tables II, -III and 
IV, for the 6 deg., 8 deg., and 10 deg. brush settings show 
that considerable flexibility can be obtained. Their an- 
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alysis brings out these facts when the governor operates 
at 1600 rev. per min. With the brushes in the 6 deg. position 
the starting torque will be 34 lb-ft. or 225 per cent full-load 
torque, and the current at start, 325 per cent of full-load cur- 
rent and the load 5.6 h.p. At the 8 deg. position the starting 
torque will be 50 lb-ft. or 335 per cent of full-load torque, start- 
ing amperes will be 295 per cent of full-load amperes and 
will bring to speed 54 h.p. The 10 deg. setting shows 
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a starting torque of 64 lb-ft. or 425 per cent of full-load 
torque, starting current 280 per cent of full-load current and 
will bring up to speed 4.65 h.p. As the governor op- 
erates at the same speed of 1600 rev. per min. the 
increase of current at short-circuiting will be the same in each 
case. So where a large load is to be brought up to speed and 
a heavy starting torque is not necessary the 6 deg. position is 
the best; where a great starting torque is necessary, such as 
on a pump installation, etc., the 10 deg. position shows the 
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best, but for best average results the 8 deg. position is the most 
desirable. 


TABLE II.—5 H.P., 104-208 VOLT, 60 CYCLE, 4 POLE, 1750 R.P.M. REPULSION 
START INDUCTION MOTOR; STANDARD ARMATURE 


BRuSHES SET 6 Elec. Degrees FROM DEAD POINT 


a ae 


Repulsion motor, Induction motor. 
Starting Short cir, spd. | Short cir. spd Running 

Short ——___ —————_. 
Cir. Speed 
speed | Torque | Amp. | Torque | Amp. | Torque | Amp. | Torque | H.P. | Amp. | rev. 

lb-ft. | 208 V.| lb-ft. |208 V.] lb-ft. |208 V.} 1b-ft. 208 V.| per 

min 

1300 34 81 25.25 | 40.5 | 21.25 *|. 84 25.25 
1350 34 81 2ano 38.5) 1-23 81.5 23:55 2 ae 
1400 34 81 22. 25a oe 24.5 78 22.25 | 7.2 40 1680 
1450 34 81 21 35.5 | 26 75 21 6.85 | 37 1695 
1500 34 81 19 33 27 fat 19 6.25 | 32.5 | 1710 
1550 34 8 18.5 32 28 65.5 18.5 6.1 Slo} Lig 
1600 34 81 17 30 28 60 17 5.6 28,9) 4 tfee 
1650 34 81 16 28.5 | 26 50 16 5.3 27 1730 
1700 34 81 14.5 27 20.5 36 14.5 4.85 | 24.5 | 1738 


TABLE III.—5 H.P., 104-208 VOLT, 60 CYCLE, 4 POLE, 1750 R.P.M. REPULSION 
START INDUCTION MOTOR; STANDARD ARMATURE 


BRUSHES SET 8 Elec. Degrees FROM DEAD POINT 
ae Eee ee ee 


Repulsion motor. Induction motor. 
Starting Short cir. spd. | Short cir. spd Running 
Short ——$—_—_——_]} —*—_—______ 
cir. Speed 
speed | Torque | Amp. | Torque | Amp. | Torque | Amp. Torque | H.P. | Amp. | rev. 
Ib-ft. | 208V.| lb-ft. |20 V.] lb-ft. |208 V.| Ib-ft. 208 V.| per 


1350 50 74 | 23 36 23 81.5 23 7.4 

1400 50 74° | 21.5 33 24.5 78 21.5 6.95 | 38 1695 
1450 50 74 | 20.4 32.1 | 26 75 20 6.5 34.5 | 1705 
1500 50 74 19 30.5 | 27 71 19 6.2 32.5 | 1715 
1550 50 74 18 29 28 66.5 18 5.9 30.5 | 1720 
1600 50 74 16.5 28 28 60 16.5 5.4 27.5 | 1730 
1650 50 74 15.5 26.25] 26 50 15.5 5.1 26 1735 
1700 50 74 14.0 25 20.5 36 14 4.65 | 23.5 | 1742 


The effect of increasing armature resistance. An armature 
with approximately two times the resistance of that of the stand- 
ard motor, making resistance of this armature four times that 
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of a field or stator, brings out the following facts. The starting 
condition relative to the brush setting is shown on Fig. 10, 
Up to the 8 deg. position the starting torque was practically 
equal to that of the standard motor, but it only developed 56 
lb-ft. torque at its maximum position (12 deg. from the dead 
point) against 74 lb-ft. with the standard armature at its maxi- 
mum position. The current was about 10 per cent lower in 
all positions. It was perceptibly weaker as a repulsion motor 
than when the standard armature was used, (compare Fig. 16 
and Table V with Fig. 14 and Table III,) it bringing up to 
speed but 5.4h.p. with the governor operating at 1500 rev. per 


TABLE IV.—5 H.P., 104-208 VOLT, 60 CYCLE, 4 POLE, 1750 R.P.M. REPULSION 
START INDUCTION MOTOR; STANDARD ARMATURE 


BrusHEs Set 10 Elec. Degrees FROM DEAD POINT 


Repulsion motor. Induction motor. 
Starting Short cir. spd. | Short cir. spd Running 
Short i 
cir. Speed 
speed | Torque | Amp. | Torque | Amp. | Torque | Amp. | Torque | H.P. | Amp. | rev. 
lb-ft. | 208 V.] lb-ft. |208 V.) lb-ft. |208 V.| lb-ft. 208 V.| per 

. min. 
1300 64 70 Pile ise | SV PANE PAS 84 21.25: |.6.9 38 1695 
1350 64 70 20 30.5 | 23 81.5 20 6.5 34.5 | 1705 
1400 64 70 19 29 24.5 78 19 6.2 32.5) ,| 1712 
1450 64 70 17.75 | 28.5 | 26 715 17°75 | 5.8 30 1720 
1500 64 70 16.5 26.5 | 27 71 16.5 5.4 28 1730 
1550 64 70 15.25 | 25 28 66.5 15.25 | 5.05 | 26 1735 
1600 64 70 14 23.5 | 28 60 14 4.65 | 24 1740 
1650 64 70 ils} 22 26 50 13 4.35 | 22.5 | 1745 
1700 64 70 1255 21.5 | 20.5 36 12.5 4.2 21 1750 


min.; at this speed the increase of current at short-circuiting 
is the same as at 1600 rev. per min. with the standard 
armature. 

This shows, however, the possibility of increasing the arma- 
ture resistance so that the short-circuiting can occur at a lower 
speed and thus the load brought up to speed with a given 
amount of static torque can be increased. 

But with an armature resistance, as in this case, of four times 
that of the field, there is no advantage to be gained in either 
the starting or bringing the load to speed, and there is a defi- 
nite disadvantage when the motor is running as an induction 
motor. In general, the’ best average results will be secured 
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by using an armature resistance of from two to three times 
that of the field. 


3—MECHANICAL DESIGN 


The distinguishing feature of the mechanical design of the 
repulsion start induction motor is the commutator short-cir- 
cuiting device. The success of this type of motor has been due 
to a very large extent to the fact that this device has been 
developed so that it is entire- 
ly dependable, even under 
adverse conditions. 7006 | 


1800 


All of these devices work 
on the centrifugal principle 44 Ne 
and the better designs are P 
arranged so that the short- jo 
circuiting takes place instant- 
ly when the proper speed has 
been reached, even though 
the motor is accelerating very 
slowly. This quick action at 
the make and the break in- 
sures smooth and efficient 
action of the short-circuiting 
members for an _ indefinite 
period. This type of motor A alee 
is usually made with a radial sie ear Repulsion Motor 
commutator for convenience 0 0 OW 1 | | : 
of arranging the short-circuit- HORSEPOWER 
ing device and so that the Fic. 16—ExtTEernat Cuaracterts- 
brushes may be lifted from the soi ac sa 208-Vous =O) Ga eee 
commutator after the short- Brush setting 8 deg. (Elec.) from dead 
circuiting. Lifting the brushes point— high resistance armature—res. arm. 
after motor has started elim- °°? °™-—fel4 0.287 ohm. 
inates all friction wear and noise and has therefore assisted to 
a considerable extent in making this motor a success. 

The mechanical design in general of this type of motor is not 
different from other types of motors. Designers are now well 
agreed for the most part that a certain rigidity of frame, shaft 
and other parts is as essential to produce quiet, smooth run- 
ning and efficient motors as is a good electrical design and that 
an otherwise good electrical design can be spoiled by a poor - 
mechanical construction. Modern shop practise has made it 
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possible to employ satisfactorily as small an air gap or clear- 
ance as is desired in most cases. Pressed steel is being used 
to a considerable extent in this type of motor to lighten, strength- 
en and at the same time lower the cost.* The use of forced 
ventilation is helping materially to improve this type as well 
as other types of motors. 

One of the most commendable features of modern motor 
designing as in other apparatus is to appeal to the esthetic, to 
improve the looks, to harmonize the design with the apparatus 
it is to operate, as far as it is practicable. 

Fig. 17 shows the cross-sectional view of the repulsion start 
induction motor. This view shows the arrangement and con- 


TABLE V.—5 H.P., 104-208 VOLT, 60 CYCLE, 4 POLE, 1750 R.P.M. REPULSION 
START INDUCTION MOTOR; High Resistance Armature 


BRUSHES SET 8 Elec. Degrees FROM DEAD POINT 


Repulsion motor. Induction motor. 
Starting Short cir. spd. | Short cir. spd Running 
Short a aa 
cir. Speed 
speed | Torque | Amp. | Torque | Amp. | Torque | Amp. | Torque | H.P. | Amp. | rev. 
lb-ft. | 208 V.| lb-ft. |208 V.} lb-ft. |208 V.| lb-ft. 208 V.| per 


min. 


1300 48 67 22.3 33.5 | 24.7 68.5 22.3 6.75 | 40.7 | 1590 
1350 48 67 21 32.2 | 25.2 65 21 6.42 | 38 . | 1615 
1400 48 67 19.5 30.7 | 25.5 61.5 19.5 6.1 35 1635 
1450 43 67 18.2 29.5 | 25.5 57 18.2 5.7 32 1650 
1500 48 67 17 28 25.0 52 17 5.4 30 1665 
1550 48 67 15.8 26.7 | 24.3 47 15.8 5.03 | 28 1680 
1600 48 67 14.5 25 21.7 40 14.5 4.65 | 25.8 | 1695 
1700 48 67 12.5 23 13.5 24 12.5 4 


0 22.3 | 1710 


struction of a type of automatic commutator short-circuiting 
device and brush lifting device which has proved entirely 


satisfactory. 
SUMMARY 


The starting efficiency of the repulsion start induction motor 
is substantially the same as for the shunt and compound-wound 
direct-current and the multiphase wound-rotor with resist- 
ance in rotor for starting, which has the highest starting efficiency 
of the various multiphase motors. This type of motor in all 
sizes may be started by closing the switch without the use of 
a starter of any kind, as they take less than 300 per cent of full- 
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load current at start and have over 300 per cent full-load start, 
and are therefore simpler to install and operate than the direct- 
current or the multiphase motors, as these require some form 
of starter to limit the starting current. We may, therefore, 
conclude that this type of motor compares favorably in all 
respects to the best direct-current and multiphase motors and 
is now the standard type of single-phase motor and has largely 
replaced less satisfactory types of single-phase motors. 

We have observed that a motor of this type can be easily 
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analyzed and the different losses determined accurately and 
that such an analysis gives a definite and scientifically accurate 
basis for improving or modifying existing designs or for pre- 
determining the performance of new designs. A definite and 
simple method has been set forth for calculating a new design 
of motor. 

The excellent performance and the comparative freedom from 
trouble and annoyance of the automatic short-circuiting devices 
have helped materially to establish this type of motor. 
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Discussion ON “THE REPULSION-START INDUCTION MoTOoR’”’ 
(Hamitton), St. Louts, Mo., Oct. 19, 1915. 


H. Weichsel: The design methods given by Mr. Hamilton 
can, according to my judgment, in some cases be shortened 
without interfering with the accuracy of the results. In some 
other cases it is possible to obtain somewhat more accurate 
results, without increasing noticeably the time required for 
the calculation. : 

The method given for calculating the winding constants is 
reliable and useful. The necessary time for computing these 
constants can, however, be quite materially decreased by the 
use of tables which give the winding constants or winding 


number of slots wound 
total number of slots’ 


coefficients, as a function of the ratio 


Such tables have been calculated 
by me, and were published in 
the Electrical Review and Western 
Electrician, Oct. 15, 1910. 

A tabulation is given in Mr. 
Hamilton’s paper, showing the 
ampere-turns required for the 
different parts of the magnetic 
circuits. If I understand this 
table correctly, the necessary 
ampere-turns for the stator and 
rotor core have been calculated 
in the following manner. The 
distances a and 0b in Fig. 1 
have been used as mean length Fic. 1 
for the magnetic path in rotor 
and stator core, respectively. Furthermore, the magnetic in- 
duction has been assumed as constant for all parts of the core, 
and is derived by the relation: 


L. of Pole 


3| 7 
Wy, 


lines per pole 
2 core cross-section. 


Induction = 


In reality the core induction is not constant but varies from 
point to point, and only half way between the pole centers at c, 
reaches the induction value found from the above relation. For 
all other points the induction is lower. A further investigation 
shows that the core induction varies approximately proportionally 
to the cosine of angle a. Magnetization curves can be made up, 
which consider the cosine change of the induction, and by aid 
of which it is possible to calculate the actual needed ampere- 
turns for the core. This method invariably gives much fewer 
turns for the cores, than the method used by Mr. Hamilton. 

For calculating the no-load current, it is recommended to 
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multiply the magnetizing current, which occurs with rotor open- 
circuited, by the factor 1.95. This coefficient is, however, by 
no means a constant but it is influenced by the ohmic resist- 
ance and leakage reactance of the machine. In the A. I. E. E. 
Trans., 1911, page 2125—I have shown how the influence of 
the ohmic resistance can be considered. In most cases, how- 
ever, the influence of the ohmic resistance is not large in com- 
parison with the influence of the leakage reactance. For this 
reason said coefficient can be sufficiently accurately calculated 
2 
by the formula 1 + (47) which considers the leakage 


reactance only. In this formula T represents the leakage co- 
efficient of the motor. 

The circle diagram for a single-phase motor as shown in 
this paper, is in every respect identical with the well-known 
circle diagram for a polyphase motor. I would like to call 
attention to the fact that in reality the following differences 


a 1 


Ere22 FstGrares 


between a single-phase and polyphase motor circle diagram 
(Fig. 2), exist: 

In a polyphase motor diagram, the line 1-2 represents the 
rotor loss, and the line 1-3 rotor torque. 

In a single-phase motor diagram, the line 1-2 also represents 
the rotor loss, but as the per cent slip of a single-phase motor 
is not the same as the per cent rotor copper loss, it follows that 
the line 1-3 cannot represent the rotor torque. The rotor 
torque is, however, represented by the line 3-4 where point 
4 lies on a straight line half way between 1 and 2. This method 
of representing the torque of a single-phase motor, is correct 
up to approximately the maximum torque. Beyond this 
point the line 0-4 is no longer a straight line, but is curved and 
ends in point 5. The exact shape of this curved part is difficult 
to determine. 

In using the circle diagram for deriving the performance of 
the motor from an idle and locked test, and from the ohmic 
resistance, I have found it most advisable to take the locked 
reading at about one half normal voltage. If this reading is 
taken at full voltage, the circle diagram quite frequently gives too 
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high a horse power output, due to the fact that the locked cur- 
rent frequently increases faster than the impressed voltage. 

If the machine has relatively small ohmic stator resistance, 
the center of the circle lies on the base line of the diagram rep- 
resenting the constant losses. If, however, the motor has a 
relatively high ohmic resistance, then it is advisable to introduce 
a correction by drawing the line (0-1) under the angle 


1p W Ds 


toa = eee 
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See Fig. 3. 

1) = no-load current. 

w = stator resistance. And the center of the circle should 
be located on this line. 

T = single-phase leakage coefficient. 

e = impressed voltage. 


Stator 
Winding 


TORQUE 


REVOLUTIONS PER MINUTE 


Fic. 4 


We should not, however, deceive ourselves regarding the 
accuracy of any of these diagrams—especially is this true for the 
speed-torque curve derived from the circle diagram. The circle 
diagram is based on the assumption that the rotating field 
has a sine distribution in space. In reality, however, higher 
harmonics occur in the field shape and these harmonics distort 
the shape of the speed-torque curve. This statement is true for 
the single-phase motors as well as for the polyphase motors. 
Curve No. 1 in Fig. 4 shows a speed-torque curve such as de- 
rived from circle diagram, and refers to an ideal single-phase 
induction motor. Curve 2 gives the speed-torque curve for a 
single-phase induction motor where field possesses a third 
harmonic. 

Reference is made in Mr. Hamilton’s paper to the added 
iron losses. From the example given, it might seem as if the 
added iron losses are always high when the frequency due to 
the teeth is high. This, however, is not the case. It is quite 
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possiblethat a machinewith a veryhigh tooth frequency may have 
less added iron loss than another machine which has a very 
much lower frequency, due to tooth variation. This is due to 
the fact that the added losses do not depend only on the fre- 
quency due to the teeth, but also depend, and to a large extent, 
on the amplitude of the flux variation caused by the teeth. 

In calculating the rotor copper loss, apparently the loss due 
to the current flowing in the } axis (Fig. 5), has been considered 
only. In reality, however, a current pretty nearly equal in 
magnitude to the current flowing in axis b, also flows in axis a. 
The losses due to the current flowing in axis a and b, add to 
each other arithmetically, as I have shown in the Electrical 
World. (April 20 and 27,1911.) The total loss in the rotor is 
therefore approximately equal to twice the loss in axis b. 

A very quick method of determining the equivalent rotor 
resistance is given by Mr. Hamilton. He proposes an em- 
pirical coefficient K which lies between 1.4 and 1.7. 

The coefficient K can, however, easily be calculated with 
great accuracy and very little time expenditure. 

In the article already referred to on winding coefficients, 
a coefficient G has been plotted as function of percentage wound. 


‘i : 6 é 1, 21 
This coefficient G refers to equation: i; = —1“ xG 
Ay 
1, = stator current 
42 = rotor current 
2, = stator conductors 
Z. = rotor conductors 


The coefficient K referred to by Mr. Hamilton, is determined 
by the relation: K = G 
au 

where /» 


= mean length of rotor conductor . 
L= « 


“ “ st at or “ 


If rotor has shortened throw, the coefficient K obtained by 
above equation, should be multiplied by the ratio: 


Full pitch winding throw 
Shortened pitch winding throw. 


C. A.M. Weber: The square of the winding constant is used 
in calculating the reactance from the physical constants of the 
motor and hence it is important to determine this factor accur- 
ately. It is a well-known fact that the secondary current corrects 
the field set up by the primary current to approximately a 
sinusoidal form and therefore a winding constant based on a 
sinusoidal flux distribution will give the best results. This 
constant may be calculated in a very simple manner as follows: 
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° 
5 sine =~ = 0.5000 
° 
1 sine ~~ = (0.9659 
+1 sine = = 0.8660 
° 
1 sine “ = 0.7070 
° 
1 sine S = 0.5000 
4a 3.5389 
Winding constant = a 


= 0.786 


Mr. Hamilton adds 37.5 per cent of the slot opening to the 
tooth face in order to take account of the increased gap due to 
slot openings. This may be satisfactory for one primary and 
secondary punching provided the same gap is always used, 
but will only lead to error as the depth of air gap is not taken 
into consideration. 

In order to properly determine the effective air gap not 
only the width of slot opening but also the depth of mechanical 
air gap must be taken into consideration. It is obvious that 
if the air gap is increased the fringing will decrease and the 
effective gap will approach the mechanical gap, and vice versa. 

The author has calculated the main field magnetizing cur- 
rent but has assumed the cross field magnetizing current to 
be 95 per cent of the main field magnetizing current. 

The cross field magnetizing current may be calculated in 
much the same manner as the main field magnetizing current, 
by figuring the densities in the various elements due to the 
cross field. The data given by the author are not complete 
enough to start at the beginning of such a calculation. There- 
fore I will illustrate how the cross field magnetizing current 
may be calculated by using the main field current 1, = 4.86 
as calculated by the author and assume 1.09 as the cross field 
saturation factor SF, 

The main field saturation factor, using the author’s calcu- 
lation of ampere-turns, is 


679.5 
609 


1.115 


SFn = 
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My experience shows that when the main field saturation 
factor is 1.115 the cross field saturation factor will be approxi- 
mately 1.09. 

Another element which enters into the determination of 
the magnetizing currents is the reactance X. The necessary 
physical data of the motor not being given, I will have to use 
the value of X = 2.02 ohms calculated from the test data given 
in the paper. 
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Fic. 6—REPULSION START INDUCTION Motor, 5-8.P., 104,'208-Vott, 
60-cyCLE—4-PoLE—1750 REV. PER MIN. 


Then the cross field magnetizing current is 


ads 
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tims = tm Sky oN GG poets 
1a 


= 4.37 
The total magnetizing current is 
10 = on = ne 
= 9.23 amperes. 


which agrees more closely with the tested value of 9.25. 
The iron loss which the author terms “added” iron loss is due 

primarily to the slot openings as stated, but this loss need 

not be assumed, as it can be calculated from the physical char- 


- 
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acteristics of the motor and from a suitable curve plotted be- 
tween density and watts per square inch.* . 

By referring to the table of calculations from locked rotor 
data it will be noted that the author has given the secondary 
resistance as the difference between the primary locked cur- 
rent squared divided into the locked watts and the primary 
resistance. This value of secondary resistance is not quite 
correct as it does not take account of the iron loss, the eddy 
current loss or the other factors which should be taken into 
consideration in a calculation of this kind. 

Fig. 6 shows the performance of this motor calculated from 
the data which the author gives, according to the method out- 
lined by Mr. W. J. Branson, in the Trans. A. I. E. E., Volume 
31, page 1749. It will be noted that this performance agrees 
very closely with the results obtained by the author from the 
brake test. 

F. J. Bullivant: I would like to point out the importance 
to the user of the motor, of the discussion brought out by Mr. 
Hamilton with reference to brush setting. He points out that 
a better starting torque can be obtained by shifting the brushes 
away from the neutral, and a better pull-up torque can be 
obtained by shifting the brushes toward the neutral. When 
motors of this character are built for stock purposes they must 
necessarily be set for some average conditions of use, and if 
the user of the motor understands the proper conditions, as 
outlined in this discussion, he can help himself in any special 
cases of application. 

Morgan Brooks: I would like to ask the author, if it is 
correct to have the length in inches of all parts of the magnetic 
circuit, except the air gap, the same. It seems there must be 
some error. It would be extraordinary to have the length of 
the different parts of the magnetic circuit all come out at 4.75. 

J. L. Hamilton: Answering the last speaker first, 4.75 in. 
is the net length of iron and all sections of iron are figured as 
being the same. 5 in. is taken as the length of air gap parallel 
to the shaft so as to include the small air space between the 
different laminations of iron, as the reluctance of the air gap 
is practically no greater than if the face of the iron were solid. 
Another reason for figuring the area of the air gap in this way 
is that after the armature and field bore are turned or ground, the 
surfaces are practically solid or continuous when considered 
magnetically. 

With regard to the points that Mr. Weichsel brought up; 
one was with regard to figuring the magnetizing current. The 
simplest way to calculate the magnetizing current is to con- 
sider the path of the flux which has the highest magnetic den- 
sity or the magnetic path through the central field teeth of 
the pole and the total ampere-turns surrounding that mag- 


*This method is described in a paper by Mr. J. E. Haussen, TRANs, 
A. 1. EB. E., Vol. XXVIII, page 997. 
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netic flux. It is apparent that if the magnetizing current is 
figured in this way, the correct. value is obtained and it is use- 
less to calculate the magnetic circuits through the field teeth 
which have lower magnetic densities at the instant considered. 
As the magnetic flux is figured when at its maximum, the 
magnetizing current is, of course, considered at its maximum 
and the effective value of magnetizing current is obtained 
by introducing the factor 0.707, which gives the effective 
value of the magnetizing current. This method gives correct 
results, as it has been used extensively in practise. 

In regard to a simpler method of calculating the winding 
constant, that is a question for the individual, I would say. 
Personally, I have found this method simpler. Possibly some- 
one else will find a method which will suit him better. 

In regard to Mr. Weichsel’s observations that possibly the 
secondary losses had not been correctly estimated, the sec- 
ondary current at all times is measured from a point on the 
circle diagram midway between zero and the running free 
point, which is the correct point from which to measure the 
secondary current. If one wants to be more exact, which is not 
necessary however for commercial work, the point from which 
the secondary current is measured can be moved slightly to- 
ward zero in proportion, as the cross field flux is slightly lower 
than the main field flux. However, as the cross field flux 
decreases slightly as the motor is loaded, this point from which 
the secondary current is measured should theoretically be 
changed for each load reading. These small refinements are © 
not at all necessary and lead to but slightly increased accuracy. 

This paper, I might add, in general shows a commercially 
practicable way in dealing with the motor and some of the 
different calculations may be questioned from a strictly scien- 
tific standpoint, but the author does not claim that the paper and 
the calculations are scientifically correct in each and every 
detail, but a method is outlined which can be followed very 
simply and will give reliable results. 

One of the speakers brought out the fact that added iron 
loss was due to a number of conditions other than those men- 
tioned by the writer. This is very true, and, for one, I would 
like to hear a discussion on the subject of added iron loss. 
As far as I know, this has not as yet been covered completely 
by ‘any writer. 


Presented at the 314th meeting of the American 
Institute of Electrical Engineers, St. Louis, 
Mo., October 19,1915. 
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SINGLE-PHASE SQUIRREL-CAGE MOTOR 
WITH LARGE STARTING TORQUE AND PHASE COMPENSATION 


BY VAE. A. RYNN- 


ABSTRACT OF PAPER 

This paper describes a new single-phase motor which develops 
a large starting torque and operates with unity power factor. It 
outlines the manner in which the machine was developed, 
discusses the theory of its operation as well as the novel points to 
be considered in its design, and finally gives a number of test 
results obtained from motors of different sizes. 

The machine is of the squirrel cage type, but is also fitted with 
a commutator. Although the motor is often provided with a 
small centrifugal switch for closing the phase compensating cir- 
cuit, it is shown that the failure of this switch to operate does not 
cripple the motor or materially change its characteristics, and 
that one or more of the commuted winding circuits may be 
interrupted without causing the machine to break down. Ac- 
cidents of this description only affect the degree of compensation, 
the efficiency, or the overload capacity. 


DEVELOPMENT AND THEORY OF OPERATION 


T IS admitted on all sides that the only drawback to a 
single-phase squirrel-cage motor in normal operation is 
its somewhat low power factor. The use of such a machine is, 
nevertheless, very restricted because it cannot be started with a 
sufficiently powerful torque and always takes an excessive start- 
ing current. The great reliability of a motor of this type 
is, however, so attractive a feature that many efforts have been 
made to overcome’ the starting disabilities of this machine. 
The motor described in this paper and briefly referred to as 
type BK is the result of a series of such efforts, and it is submitted 
that this new constant speed machine not only fully solves the 
starting problem, but that it removes the one objection to the 
squirrel-cage motor in normal operation by raising its power 
factor, at any load, to near unity. 

The reason why a squirrel-cage motor is not self-starting is 
shown in Fig. 1. With the main inducing winding 4 connected 
to the line, we have a magnetizing current in 4 responsible for 
the transformer flux F;. This flux determines the value of the 
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secondary e.m.f. which in turn produces the secondary load 
current 72 in the rotor conductors 11 interconnected by the 
end rings 12. The ampere-turns due to i) are equalled and 
opposed by a primary load current in the stator winding 
4. The distribution of the stator and rotor load currents is 
indicated by circles and dots placed near the windings which 
carry themt The resultant direction of the primary and second- 
ary load current ampere turns, or the direction of the stator and 
rotor current axes, is shown by straight arrows. Neglecting 
leakage fluxes, it is seen that all fluxes but F 1 cancel out. It is 
because the rotor current, or ampere-turn, axis, indicated by 
the arrow 72, exactly coincides with the axis of the only useful 
field F, that no rotation can possibly result. 

A number of rotor conductors on the right side of the rotor 


tet 


Fic. 1—SINGLE-PHASE SQUIRREL- Fic. 2—First STaGE or BK 
CAGE Moror DEVELOPMENT 


current axis carry downward current and: produce a counter- 
clock torque with Fi, while an equal number of rotor conductors 
on the left side of the rotor current axis carry an upward current 
and therefore produce a clockwise torque with F,. These two 
opposite torques are exactly equal. It is generally true to say 
that no effective torque can be developed by a flux cooperating 
with certain ampere-turns, as long as the axis of said magnetic 
flux coincides with the axis of said ampere-turns. This is true 
irrespective of the phase relation between the flux and the 
current to which the ampere-turns are due. 

In order to produce an effective torque, it is necessary that 
the ampere-turn, or current, axis be displaced from the axis of 
the flux. The most effective displacement is one of 90 space, 
or mechanical, degrees. When dealing with alternating currents, 
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it is furthermore necessary that there shall be less than 90 
time, or electrical, degrees difference between the phase of the 
current and the phase of the flux. The best result is obtained 
when the phases of the two coincide. 

With these remarks in mind it will be easy to follow the various 
steps by which the low power factor motor devoid of starting 
torque and shown in Fig. 1* has been transformed into the ma- 
chine shown in Fig. 6, which can develop a powerful torque at 
starting and which operates with a power factor near unity. 

The first of these steps is illustrated in Fig. 2, where the rotor 
has been provided with a commuted winding 6 in addition to 
the squirrel-cage winding 12 of Fig. 1. Both windings are 
placed in the same slots and are diagrammatically indicated by 
circles. The main inducing winding 4 is connected in series 
with the commuted winding by means of the brushes 8, 10, 
displaced by 90 space degrees from the axis of 4. 

Aside from leakage fluxes, two magnetic fields appear in this 
machine as soon as it is connected to the mains. Theoneis the 
transformer flux Fj, the other the transformer flux Fe. The flux F; 
depends on the voltage at the terminals of the main inducing 
winding 4 and is responsible for the secondary current 72 in the 
rotor squirrel-cage winding 12. : depends on the voltage at 
the terminals of the commuted winding 6 and is responsible for 
the secondary current i; in the rotor winding 12. In the stator 
inducing winding 4, the current 7; has one magnetizing and one 
load component. The first produces F;, the second produces stator 
ampere turns which are equal and opposed to the squirrel-cage 
ampere turns due to 72. The rotor winding 6, connected in 
series with the stator winding 4, also carries the stator current 
i; but here one of its components produces F2, while the other 
is responsible for rotor ampere turns equal and opposed to the 
squirrel-cage ampere turns due toz3. The rotor, therefore, carries 
three sets of ampere turns; those due to 72 are coaxial with 4; 
those due to i; and i; are displaced by 90 space degrees from the 
-axis of 4. It is seen at once that F; can produce a torque with 
the rotor ampere turns due to 7; and 73, but not with the coaxial 
ampere turns due to iz. Similarly, F, can produce a torque with 
the ampere turns due to iz, but not with the coaxial ampere 
turns due to 7; and 73. We can write 


T, = 12. Fe. cosa, clockwise. 
T, =%. F,. cos B, clockwise. 
T; = i3.. Fi . cosy , counterclockwise. 


*All diagrams of connections refer to two-pole machines. 


2486 FYNN: SQUIRREL-CAGE MOTOR [Oct. 19 


where a, 6, y are the phase angles between the various co- 
operating fluxes and currents. 

With normal voltage at its terminals this machine will take a 
very large current, but will not develop enough useful torque to 
start the lightest of loads. The starting torque it is able to 
develop under the conditions named is indeed often barely 
sufficient to bring the motor alone up to its full speed. This full 
speed lies in the immediate neighborhood of the synchronous. 
When it is reached, then the permanently short-circuited winding 
becomes fully effective and the operation of the machine is 
quite satisfactory. The addition of the commuted winding to 
the squirrel cage of Fig. 1, evidently does not solve the problem. 
A starting torque is secured with its help, but said torque is 
small. Before showing how it can be increased, it will be in- 
teresting to indicate the reason for this small starting torque. 

The secondary ampere-turns of a transformer are always 
almost opposed to and smaller than its primary ampere-turns. 
Their difference is responsible for the transformer flux. When 
the secondary is short-circuited then the transformer flux is 
generally small; it increases as the ohmic resistance of the second- 
ary increases and as the inductive relation between primary and 
secondary becomes worse. It has already been indicated that 
there are two transformers in Fig. 2, their secondaries are both 
short-circuited while their primaries are connected in series. 
The primary of the one transformer’ is the stator winding 4, 
its secondary is the squirrel-cage winding along the axis of 4. 
The primary of the other transformer is the rotor winding 6, 
its secondary is again the squirrel-cage winding, but along an 
axis at right angles in space to that of 4. The resistance of the 
secondaries is obviously the same, but the mutual induction be- 
tween 6 and 12, which are located in the same slots, is clearly far 
better than the mutual induction between 4 and 12, which are 
placed in slots separated by the airgap. It follows that F, must 
be small and that the ampere-turns due to 73 must not only be . 
almost opposed but also very nearly equal to the rotor ampere- 
turns due to 7}. The flux F 1, which is usually the larger, is there- 
fore of little use, for if it produces a positive torque 7, with the 
rotor ampere-turns due to 71, it must produce, with the ampere- 
turns due to 73, a negative torque 7; of almost equal magnitude 
Since the resultant torque is 


T=%m4+4+T7.—T; 
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and since T3 practically equals T2, we can write 
T= Py = tee FS. COS. 


which means that the motor in Fig. 2 starts almost exclusively 
because of the very small flux F, coacting with ampere-turns due 
to the large current 7:. Since the value to which the already large 
current iz can be raised is necessarily limited, it follows that the 
resultant starting torque can be more readily increased by in- 
creasing the small flux F, and bringing it into the closest possible 
phase coincidence with 7». 

The flux F, can be increased either by increasing the ohmic 
resistance of the squirrel cage or by decreasing the mutual induc- 
tion between the commuted and the squirrel-cage windings. 
But either change also reduces 72 so that the gain in torque is not 
as great as might at first be expected. In fact these changes 
amount to a reduction of the squirrel cage efficiency in normal 
operation, they reduce the output of the machine, and may rob 
it of its constant-speed characteristic. 

As the machine shown in Fig. 2 runs up to speed, the squirrel 
cage develops its own motor, or torque-producing, field, as in the 
ordinary single-phase induction motor. Near synchronism, it 
tends to keep this speed field nearly constant, and thus seeks 
to impart a shunt characteristic to the motor. As long as the 

quirrel cage current in the axis 8, 10, is alone responsible for the 

motor field, the magnitude and phase of the latter will be fairly 
constant depending only on the speed e.mf. generated in the 
rotor along said axis and on the impedance of the exciting circuit. 
If a current is sent through any winding able to magnetize along 
this same axis, 8, 10, then the squirrel-cage exciting current will 
automatically assume such value, phase and direction as will 
compensate for the disturbing effect of these additional ampere- 
turns and tend to maintain the constancy of the motor field. 
But the magnitude, as well as the phase of the motor field, is 
liable to change greatly if the magnitude of this correcting 
squirrel-cage current materially exceeds that of the normal 
squirrel cage exciting current, thus producing abnormal copper 
losses. 

Now the current i; flowing in the commuted winding along the 
axis 8, 10, is able to magnetize along the axis of the motor field; 
in addition, it produces, with Fi, a positive torque T2, which 
increases with decreasing power factor. The ampere-turns due 
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to this current 7, can, and often do, materially reduce the magni- 
tude and change the phase of the motor field, because of the 
squirrel-cage action just explained. In such a case the motor 
speed may rise above the synchronous, because of the decrease in 
the magnitude of the motor field and because of the increase in 
the torque T, brought about by the lower power factor conse- 
quent on the change in the phase of the motor field. The squirrel 
cage naturally resists this tendency, but if its efficiency has been 
materially impaired and the ampere-turns in the commuted 
winding are sufficiently large, it may be overpowered and allow 
the motor to “ race” past the synchronous speed. 

The motor shown in Fig. 2 is clearly unsatisfactory, the start- 
ing torque is small and the material is not well utilized because 
of the uselessness of the com- 
muted winding 6 in normal 
operation. If the resistance 
of the squirrel cage is in- 
creased, or if the mutual in- 
duction between it and the 
commuted winding is mater- 
ially decreased, the small in- 
crease in starting torque is 
in no way sufficient to com- 
pensate for the great addi- 
tional decrease in weight 
efficiency. 

The author next conceived 
the arrangement shown in 
Fig. 3. The commuted wind- 
ing 6 is there separated from the squirrel-cage winding 12 bya 
magnetic bridge, but the brush arrangement and connections are 
such that both rotor windings are, nevertheless, fully effective 
along both axes, in normal operation, while the effect of the 
squirrel-cage winding along the motor field axis is practically 
eliminated at starting. 

Both rotor windings are always fully effective along the arma- 
ture axis 7, 9, because energy is at all times transmitted to them 
inductively from the stator winding 4. The windings 6 and 12 
form two secondaries to the primary 4 and the currents induced 
in them are in the same direction. The leakage fluxes set up by 
the two rotor windings along the axis 7, 9, consequently oppose 
each other within the magnetic bridge provided between said wind- 

‘ 
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ings, as roughly shown in Fig. 4. In this figure, 21 is a leakage 
flux surrounding the stator inducing winding 4; 22, a leakage 
flux surrounding the rotor commuted winding 6; and 23, a leak- 
age flux surrounding the ‘‘ buried’ squirrel cage. The leakage 
fluxes within the bridge tend to cancel each other, with the 
result that the squirrel-cage winding 12 becomes an effective 
secondary to the stator winding 4 and carries its full share of 
induced or armature current. 

The conditions along the horizontal or motor field axis are, 
however, exactly opposite at starting. Here the commuted 
winding 6 is the primary and is separated from its secondary 
12 by the magnetic bridge. The leakage fluxes 24 and 25 pass 
said bridge in the same direction, as indicated in Fig. 5, thus very 
‘materially increasing the impedance of 12 in the horizontal axis 


Fic. 4—LEAKAGE FLUXES DUE Fic. 5—LEAKAGE FLUXES DUE 
TO THE CURRENTS IN THE ARMA- TO THE CURRENTS IN THE FIELD 
TURE AXIS AT STARTING AXIS AT STARTING 


and limiting the current which can be induced therein from the 
primary 6. 

As the motor runs up to speed, the speed e.m.f. generated in 
12, along the axis, 8, 10, tends to set up an exciting current in the 
horizontal axis of the squirrel cage, the direction of which is 
nearly the same as that of the current in the commuted winding 
along that axis, whereby the conditions always existing in the 
vertical axis are approached and the squirrel cage also becomes 
effective along the horizontal axis. 

It has already been explained that the current along the hori- 
zontal axis of the squirrel cage will so adjust itself near synchron- 
ism as to keep the motor field as constant as possible, and may 
assume quite large values. In order to obviate this condition 
and at the same time absolutely prevent all tendency of the 
machine to race, irrespective of the number of turns in the com- 
muted winding 6, a switch 15 is provided for short-circuiting said 
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commuted winding along the motor field axis as soon as the 
speed has reached the neighborhood of synchronism. This 
operation places the speed e.m.f. along the horizontal rotor axis 
in undisputed control of the motor field. 

The torque conditions at starting are vastly improved by the 
adoption of the arrangement shown in Fig. 3. The flux of 
mutual induction in the armature axis is very small because of 
the very low rotor impedance along that axis. Part F, of this 
flux links with both rotor windings, part F3 links with 6 only. 
The flux of mutual induction F2 along the axis 8, 10, is compara- 
tively large because of the large impedance of 12 along that axis. 
The magnitude of the flux F, depends on the cross-section of the 
magnetic bridge separating the two rotor windings. Fy, is in 
phase with 7; and therefore practically in phase with the current 
74 induced in 6 along the vertical axis. The ampere-turns due 
to 14, induced in 6, and those due to 72, induced in 12, are both 
large, while the difference between the ampere-turns in the hori- 
zontal rotor axis due to 7; and 7; is large because of the very large 
leakage between the two windings. The various torques are as 
follows: 


Ti, = % .F, . cos afclockwise. 

T. = i, (Fi + Fs) cos B, clockwise. 
T3= 13. Fy . cos y, counter¢lockwise. 
T,= 4, Fe. . cos 6, clockwise. 

T,5= t4. Fs, clockwise. 


where a, 8, 7, 6 are the phase angles between the respective 
cooperating fluxes and currents. 
The resultant torque is 


ES TAS aT ye tees Leelee 


where 7°; is small and 7; is very large. 

Fig. 3 shows how the starting torque of the motor was raised 
to the desired amount and how all of the rotor copper was fully 
utilized. The next step was to improve the power factor of 
the machine, in other words, to compensate the motor. This 
has been achieved by introducing an auxiliary e.m.f. into one 
of the rotor exciting circuits for the purpose of adjusting the 
phase of the back e. m. f. of the motor by adjusting the 
phase of its motor field. This method of phase compensation 
has been fully explained by the author in prior publications, 
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for instance, in a series of articles entitled ‘‘ Phase Compensa- 
tion.’’* 

Fig. 6 diagrammatically represents a two-pole type BK motor 
as actually built. Photographs of a completed machine are 
reproduced as Figs. 8 and 9. 

The motor consists of a rotor carrying a commuted winding 
6 located in a number of partly open slots 18 placed near the 
outer periphery of the rotor laminations 16, as shown in Fig. 7, 
and also a squirrel-cage winding the bars 11 of which are located 
in holes 17 provided in the rotor punchings and interconnected 
at each end by means of conducting end rings 12. The holes 
17 accommodating the squirrel- cage winding are so placed 
as to be separated by a certain amount of magnetic material 

20 from the slots 18 carrying 
2 the commuted winding. In 
Fig.’ 6° the brushes’ 7, 8, 9/10; 
which in practise cooperate 
with a commutator, well seen in 
Fig. 9, are here shown as rest- 
ing on the winding 6 itself, thus 
eliminating all questions as to 
how the commutator is con- 
nected to the winding. The 
stator carries a main inducing 
winding 4 and a coaxial com- 
pensating winding 5, usually 
provided with a tap 13. The 
main or working brushes 7, 
9, are permanently short-circuited and placed in line with the 
axis of the stator windings. The auxiliary or exciting brushes 
8, 10, are displaced by 90 electrical degrees from the short- 
circuited brushes. 

An interesting magnetic bridge construction is shown in Fig. 
10. The commuted winding 6 and the squirrel-cage bars 11 
are placed in the same slots and are separated by a solid steel 
wedge 20. This forms an inductively responsive magnetic 
bridge between the two rotor windings. Such a bridge allows 
a freer passage to the flux at starting than in normal operation, 
because of the change in the rotor frequencies. At starting, 
the rotor frequencies equal those of the supply, but are doubled. 


Fic. 6—D1IAGRAM OF CONNEC- 
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*See Electrical World, July 5, July 12 and July 19, 1913. 
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at synchronism. The laminated bridge, as shown in Fig. 74 
is, however, much easier to make and is mostly used. Alli re- 
marks in this paper relating to the magnetic bridge are there- 
fore to be taken as applying to the laminated construction 
shown in Fig. 7, unless the solid bridge is specifically referred to. 

The BK motor is operated as follows: 

At starting, the main stator winding 4 is connected across 
the mains 2, 3, in series with the commuted rotor winding 6 
by way of the exciting brushes 8, 10. The brushes 7 , 9, are 
short-circuited, and the circuit of the winding 5 is open, this 
being indicated in Fig. 6 by showing the switch 15 in its “ off” 
position. After the motor has reached its normal speed, switch 
15 is placed either on point 13 or on point 14. If connected to 
the tap in the compensating winding 5, the machine will operate 
with unity power factor under most loads. If switch 15 connects 
brush 10 to the end 14 of the compensating winding 5, then the 


18 


S 
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Fic. 10—INpbuUCTIVELY RE- 
Fic. 7—LAMINATED MAG- SPONSIVE MAGNETIC BRIDGE BE- 
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machine will operate with leading power factor at no-load and 
with unity power factor at full load. As a rule thé8e machines 
are directly connected to the mains at starting, but an ordinary 
starting resistance, such as used in direct-current practise, 
may be and sometimes is interposed during this period. 

In practise, the circuit of the compensating winding 5 is closed 
by means of a small centrifugal switch located at the commutator 
end of the motor shaft and clearly seen in Figs. 8 and 9. This 
switch interconnects two contacts when the motor has reached 
a nearly synchronous speed; one of these contacts is connected 
to brush 10 and the other to the terminal 13 or 14 of the com- 
pensating winding 5. But it must be well understood that the 
operation of the machine does not depend on the proper working 
of this switch to any material degree. If the switch fails to 
close the compensating circuit, then the machine will, at no- 
load, exceed its synchronous speed to the extent of a few per 
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cent and will, at fractional loads, operate with a lower power 
factor and efficiency than would be the case with the centrifugal 
switch closed. One of the most interesting features of this ma- 
chine is the fact that its no-load speed is strictly and automati- 
cally limited, without the help of any mechanical devices. 
~The two rotor windings occupy such relative positions and the 
brushes cooperating with the commuted winding are so located 
and connected, that both rotor windings are always effective 
along the axis of the main inducing winding 4, while the squirrel 
cage along the exciting axis is rendered ineffective at starting 
but increases its influence with increasing speed and becomes 
the controlling and speed-limiting factor at or near synchronism. 


DESIGN 


It has been found that the lines on which single-phase squirrel- 
cage motors are usually designed can be followed in the case of 
the BK machine, and that the BK output obtained from a 

- given frame is at least equal to that which can be secured there- 
from with a standard squirrel-cage rotor, which indicates that 
the losses necessarily introduced by the BK commutator are 
outweighed by the better utilization of the copper and the 
more uniform flux distribution. 

The novel design problems arise in connection with the 
selection of the commuted winding constants, the dimensioning 
of the magnetic bridge located between the two rotor windings, 
and the phase compensation. 

The rotor copper is, as a rule, so distributed as to make the 
full load losses in the commuted winding about equal to those 
in the squirrel cage. The number of turns in the commuted 
winding is then selected so as to avoid sparking, reduce the brush 
current to as small a value as possible, and get the best possible 
torque per ampere for a given stator winding and size of magnetic 
bridge. 

Because of the presence of the squirrel-cage winding, the 
number of turns per commutator segment can be kept high, 
without impairing the commutation. Six turns per segment 
have been used in small motors, while two still give good results 
in 6-pole, 15-h.p. machines. The permissible commutator 
diameter settles the maximum number of segments and therefore 
the minimum brush current. 

The static torque varies with the ratio of effective stator to 

effective rotor conductors, or turns, in the manner indicated in 
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Fig. 11. The curves shown were obtained from a standard 
5-b.h.p., 60-cycle, four-pole, 220-volt motor, connected as 
shown in Fig. 6, but with the addition of a series transformer 26 
between the main stator winding 4 and the exciting brushes 
8,10. The ratio of stator to rotor ampere-turns was varied by 
varying the transformation ratio of the series transformer. 
It is seen that while the current taken at starting increases all 
the time with increasing ampere-turn ratio, the starting torque 
rises rapidly at first, reaches a maximum, and then decreases 
slowly. The maximum is reached for an ampere-turn ratio 
near 2. The torque per ampere changes very little up to 
a turn ratio of about 2.5. For a 220-volt stator the best ampere- 
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turn ratio lies in the neighborhood of 1.75. Beyond that point 
the torque per ampere begins to decrease. 

If the rotor turns determined in this manner are unsuitable, 
for instance, because of expected sparking trouble or excessive 
current per brush pin, then a sacrifice in starting performance 
must be accepted or a series transformer permanently inter- 
posed between stator and rotor. 

This sacrifice is, however, usually small, and it has often 
been found possible in practise to design a rotor so that it can 
be used with stators which are wound to allow of being con- 
nected for 110 and 220 volts, or for 220 and 440 volts. The 
most perfect results are, however, obtained by permanently in- 
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terposing a small series transformer between rotor and stator; this 
procedure makes it possible to design the rotor commuted 
winding to the best advantage without reference to the stator 
voltage and makes one rotor design available for all terminal 
voltages. The corresponding connections are shown in Fig. 12. 

The shape and general characteristics of the torque and 
current curves shown in Fig. 11, remain the same with varying 
distribution of the magnetic material in the rotor, but their values 
change. To speak more precisely, an increase of the “ bridge 
coefficient ”’ brings about, at any turn ratio, an increase in start- 
ing torque and a decrease in starting current. The term “ bridge 
coefficient ”’ is arbitrarily applied to the ratio of the reluctance 
of the flux path through the 
laminations located between 
the squirrel-cage bars to the 
reluctance of the flux path 
through the magnetic bridges 
3 separating the commuted 
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from the squirrel-cage winding. Referring to Fig. 138, the 
bridge reluctance is 


where z is the number of rotor teeth per pole. 

The ratio Re:R, when corrected for flux densities is the 
“bridge coefficient ” referred to above, and has been found 
to be a measure of the starting torque to be obtained with a 
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given rotor design. The flux densities referred to, are those in 
the horizontal, or motor field axis, at the moment of starting. 
The flux through the magnetic bridges is the leakage flux 24 
of Fig. 5, or Fy of Fig. 3. The flux through the squirrel-cage 
teeth of Fig. 13 is the flux of mutual induction F, of Fige3s 
The bridge coefficient in Fig. 11 is 0.006, and the machine does 
not race for any ratio of stator to rotor turns. In other words, 
the motor does not exceed the synchronous speed by more than 
a few per cent, in case switch 15 of Fig. 6 is not closed after the 
machine has started. In this particular case the motor hangs 
at 1825 revolutions, for a turn ratio of 1.6. As the bridge coeffi- ° 
cient is increased, “racing” first occurs for low turn ratios; 
for very large bridge coefficients the machine “races” at all 
turn ratios. Ample starting torque for all practical purposes can, 
however, be secured with bridge coefficient and turn ratio com- 
binations for which no racing takes place, the speed of the ma- 
chine being limited to the immediate neighborhood of the 
synchronous without the help of any mechanical contrivances. 
The next point of interest is the selection of the compensating 
e.m.f. to be introduced into one of the rotor exciting circuits. 
It cannot be too strongly emphasized that the only reason for 
introducing this e.m.f. into said circuit is to change the phase 
of the field in the axis 8, 10, and thus affect the power factor of 
toe motor. It is well established that the motor shown in Fig. 
3 will operate at a speed in the immediate neighborhood of 
synchronism, with switch 15 closed or open. It does so operate 
because a speed e.m.f. is generated in each of the windings 6 and 
12, which is in quadrature with the working e.m.f. induced in the 
rotor along the axis 7, 9, and therefore of proper phase to produce 
the motor excitation. When either of these windings is closed . 
along the axis 8, 10, an exciting current will circulate therein 
along said axis and produce the motor field. When both wind- 
ings are closed-along 8, 10, then each contributes to the produc- 
tion of the motor field. No additional exciting e.m.f. is there- 
fore needed unless it is desired to change the speed of the machine. 
To change the phase of the field along the axis 8, 10, without 
affecting the motor speed, it is necessary to inject into one or 
both windings an e.m.f. which is in phase quadrature with the 
speed or exciting e.m.f. The line em. is practically in phase 
quadrature to the rotor exciting e.m.f., is very easy of access, 
and is usually utilized, for instance as shown in Fig. 6. The 
change in the phase of the flux along 8, 10, produces a phase 
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change in the rotor back e.m.f. generated along 7, 9, by rotation 
in said flux. This brings about a change in the phase of the 
rotor current along 7, 9, and finally a phase change in the stator 
current with relation to the terminal e.m.f. and therefore a 
change in power factor. To produce unity power factor in the 
rotor along the axis 7, 9, it is necessary, neglecting the lag due to 
rotor leakage fluxes, to make the lag between flux and exciting 
e.m.f. along 8, 10, equal to 90 degrees. The compensating e.m.f. 
necessary to achieve this result equals the ohmic drop in the 
rotor along 8, 10, because it is the ohmic resistance of the excit- 
ing winding which causes the flux to lag by less than 90 degrees 
behind the speed e.m.f. But in order to produce unity power 
factor in the stator, while also neglecting the lag due to stator leak- 
age fluxes, the compensating e.m.f. should be increased to the ex- 
tent of producing in the rotor axis 7, 9, a leading current com- 
ponent equal tothe stator magnetizing current. Ifa leading sta- 
tor current is desired, then the compensating e.m.f. should be still 
further increased. The magnitude of the compensating e.m.f. 
therefore depends on the rotor resistance, the stator magnetizing 
ampere turns, and on the leakage fluxes. To obtain unity power 
factor at no-load, the compensating e.m.f. should be from about 
6 to 30 per cent of the speed e.m.f., the small value being necessary 
in the case of large, the large value in the case of small ma- 
chines. The greatly increased per cent value of the compensat- 
ing e.m.f. for small motors is brought about in the main by the 
greater relative rotor resistance of the smaller machines. 
Before the compensating e.mf. is introduced into the winding 
6 of Fig. 3, short circuited along the axis 8, 10, each of the rotor 
windings carries exciting current, and the volts per turn in each 
are the same. When the compensating e.m.f. is introduced into 
the winding 6, its volts per turn increase, thus increasing the share 
it takes in the production of the flux along 8, 10. A sufficient 
increase of the compensating e.m.f. will even cause all the cur- 
rent in the axis 8, 10, to concentrate in the winding 6. The 
squirrel cage will, however, oppose an increase of the flux along 
8, 10, beyond that value which corresponds to the speed e.m-.f. 
exclusive of allimpedance losses. This sets a limit to the no-load 
power factor which can be secured in the BK motor, and gives 
the no-load power factor curve the peculiar slope shown in Fig. 
14. The curves shown in that figure were obtained ona 5-b.h.p. 
60-cycle, four-pole, 220-volt BK motor; curve 27 corresponding 
to a low-resistance rotor with a bridge coefficient of 0.01, curve 
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28, to one with a higher resistance and a bridge coefficient of 
0.006. 

In view of the oft-repeated statement that an e.m.f. derived 
from winding 5 of Fig. 6 and introduced into the field axis of a 
machine of the general type shown in Fig. 6, should be considered 
as an exciting and not a compensating e.m.f., it is of particular 
interest to state that the speed of the motor under test did not 
vary appreciably, as said e.m.f., which the author insists is a com- 
pensating e.m.f., was raised from zero to 27.5 per cent of the rotor 
speed e.m.f., or of that which is responsible for the actual ex- 
citation of the motor. Such an increase in exciting e.m.f. should 
have materially lowered the motor speed; as a matter of fact, the 
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VOLTAGE GIVEN IN PER CENT OF ExciTING VoLTAGE—Mortor A 


motor speed with high compensation is somewhat higher than 
with none at all, and the same holds true for a motor without a 
Squirrel cage. In order to affect the excitation of a single-phase 
motor with shunt characteristic, it is necessary to introduce into 
the exciting circuit ane.m.f. in quadrature with the working e.m.f, 
and therefore in quadrature with the line em. An e.m.f, of 
same phase as the line e.m.f. only affects the power factor of the 
machine. 
PERFORMANCE 

To give an idea of the manner in which BK motors operate in 
practise, test results of three different motors will be discussed. 
For the sake of differentiation, these machines will be referred to 
as B, C and D, . 
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Figs. 15 to 21, inclusive, refer to motor B, which is a single- 
phase, 5-h.p., 60-cycle, four-pole machine, wound for 220 volts, 
with a synchronous speed of 1800 rev. per min. The two rotor 
windings of this machine are separated by a solid inductively- 
responsive magnetic bridge, such as is shown in Fig. 10. The 
speed torque curve of this motor is shown in Fig. 15, power 
factor and current values being given for allspeeds. It will be 
seen that the static torque exceeds the normal by about 47 per 
cent, and that the machine, in the starting connection, reaches 
a maximum speed of 1840 rev. per min. The static starting 
torque is obtained with 3.4 times the normal current, or at the 
rate of full-load torque for 2.3 times full-load current. The full- 


Fic. 15—SPEED-TORQUE CURVE IN STARTING CONNECTION OF BK 
Moror B 


load current upon which these figures are based, is that corres- 
ponding to the operation of the machine in running connection, 
and with normal compensation, 7.e., with practically unity power 
factor. It will be noted that the torque curve is such as to enable 
the machine to accelerate rapidly. 

Should the operator or the centrifugal switch 15 fail to close 
the compensating circuit after the machine has reached a speed 
near the synchronous, then the performance of the motor, if 
required to drive a load under such conditions, will be as shown 
in Fig. 16. The high power factor in this connection is due to the 
fact that the main inducing stator winding is connected in series 
with the rotor along the field or exciting axis. It is seen that 
it would be perfectly safe to operate the machine in this connec- 


2500 FYNN: SQUIRREL-CAGE MOTOR [Oct. 19 


tion, but there is no doubt that the motor works better when the 
compensating circuit is closed. Fig. 17 gives all the data for the 
case when normal compensation is applied to the exciting brushes, 
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Fic. 16—STarTInG CONNECTION PERFORMANCE NEAR SYNCHRONISM 
or BK Motor B 


and indicates that the performance of the machine under these 
conditions is eminently satisfactory. When the connections are 
changed so as to increase the compensation to the maximum, 
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Fic. 17—RuNNING CONNECTION PERFORMANCE OF BK Motor B 
WITH NORMAL PHASE COMPENSATION 


then the performance curves alter somewhat, as shown in Fig. 
18. The main difference is that the power factor, which was 
close to unity throughout the working range in the casé of normal 
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compensation, is now leading at fractional loads, up to nearly 
full load, when it comes down to unity. With this greater com- 
pensation the efficiency is not quite as high as for the case of 
normal compensation. This is in no way surprising, for, with 
maximum compensation, the machine is not only called upon to 
to operate as a motor but also to act as a condenser, and its 
efficiency must suffer unless it is made larger. The difference 
between the two curves is, however, so small, and the advantage 
of having the motor act as a condenser when not working at its 
maximum as a motor, so great, that maximum compensation is 
often preferred. 
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Fic. 18—RuUNNING CONNECTION PERFORMANCE OF BK Motor B 
witH MAxIMUM PHASE COMPENSATION 


The next three figures show that many accidents can happen 
to the machine without causing it to break down. 

Should the exciting circuit through the commuted winding be 
interrupted by the wearing down or the breakage of all the excit- 
ing brushes of one or both polarities, as indicated in the con- 
nection diagram shown in Fig. 19, then the power factor of the 
machine would be considerably reduced, its efficiency would 
suffer to some extent, but the overload capacity would remain 

practically unimpaired, as well shown by the several curves of 

Fig, 19% 

The performance of the motor would be curtailed to the 
extent indicated by the curves of Fig. 20, in case all the working 
brushes of one or both polarities lose contact with the com- 


~ mutator, as indicated in the connection diagram forming part 
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of Fig. 20. But, even under these conditions, the machine would 
still be in a position to deal with its full-load torque, althoughwith 
greatly reduced overload capacity. 
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Fic. 19—RUNNING CONNECTION PERFORMACE OF BK Motor B wITH 


INTERRUPTED COMPENSATING CIRCUIT 


Should the working and the exciting circuits through the com- 
muted winding be interrupted at the brushes or elsewhere, as 


indicated in 
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the connection diagram attached to Fig. 21, then 
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Fic. 20—RUNNING CONNECTION PERFORMANCE OF BK Motor B 
WITH INTERRUPTED COMMUTED ARMATURE CIRCUIT 


the overload capacity of the machine would also be greatly 


reduced, but 


the motor would still be able to deal with about 


5¢ h.p. ,or just over its full-load rating. In this case the effi- 
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ciency is a little less and the power factor much worse than in 
the case of Fig. 20. 

It is not at all likely that any of the conditions under which 
the tests corresponding to Figs. 19, 20 and 21 were taken, will 
ever occur in practise, but it is interesting to note that the ma- 
chine will not be entirely crippled even if all the commuted wind- 
ing circuits are interrupted and it is forced to rely on the 
squirrel cage only. 

Figs. 22 to 24 inclusive, refer to motor C, which is a 
single-phase, 5-h.p., 60-cycle, six-pole machine, wound for 220 
volts, with a synchronous speed of 1200 rev. per min. The two 
rotor windings of this motor are separated by a laminated bridge, 
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Fic. 21—RuNNING CONNECTION PERFORMANCE OF BK Motor B 
WITH INTERRUPTED COMPENSATING AND COMMUTED ARMATURE CIRCUITS 


such as shown in Fig. 7. The speed-torque curve of this machine 
is shown in Fig. 22, together with the corresponding values of 
current and power factor. It is seen that the starting torque 
is 55 per cent in excess of the full-load torque, and is obtained 
with 3.6 times the full-load current, which is at the rate of 
2.3 times normal current for full-load torque. The full-load 
current upon which these figures are based is that corresponding 
to normal compensation, under which conditions the machine 
operates at unity power factor. This motor does not “ race ® 
in its starting connection, but reaches a speed exceeding the syn- 
chronous by 70 rev. per min., running light at 1270 instead of 
1200 rev. per min. The speed-torque curve has the same 
general character as that secured with the solid bridge used in 
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the four-pole machine B. The performance of this motor C 
with normal compensation is very satisfactory, as evidenced by 
the curves shown in Fig. 23. If the compensation is raised so 
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Fic, 22—Sprrp-TorQuE CURVE IN STARTING CONNECTION oF BK 
Moror C 


as to cause the motor to take a leading current at no-load, then 
the performance changes to that shown in Fig. 24; the increased 
compensation produces leading power factor at fractional loads, 
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Fic, 23—RuNNING CONNECTION PERFORMANCE OF BK Motor C 
witH NORMAL PHASE COMPENSATION 


lowers the efficiency, and increases the overload capacity of the 
machine. 


Figs. 25 to 28 inclusive give similar data for a much larger 


1915] FYNN: SQUIRREL-CAGE MOTOR 2505 


machine, referred to as motor D. This is a single-phase, 18-h.p., 
60-cycle, six-pole machine, wound for 220 volts, with a synchron- 
ous speed of 1200 rev. per min. The two rotor windings are 


220v. 
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Fic. 24—RuNNING CONNECTION PERFORMANCE OF BK Motor C 
WITH MaxiMUM COMPENSATION 


separated by a laminated magnetic bridge, and Fig. 25 shows the 
performance of the machine in its starting connection. The start- 
ing torque exceeds the normal by about 44 per cent,and is obtained 
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Fic. 25—SpPEED-ToRQUE CURVE IN STARTING CONNECTION OF BK 
Motor D 


with a current which is 2.66 times the full-load current, or at 
the rate of 1.85 times the full-load current for full-load torque. 
This motor is very close to the stable limit, a slight change in 
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the ratio of rotor to stator ampere-turns or a small difference 
in the dimensions of the magnetic bridge being sufficient to 
cause the machine to “race.” When built exactly to specifica- 
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Fic. 26—RUNNING CONNECTION PERFORMANCE OF BK Motor D 
WITH NORMAL COMPENSATION 


tion, however, it hangs at about 1250 rev. in the starting 
connection. The performance with normal compensation is 
shown in Fig. 26; that with maximum compensation in Fig. 27. 
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Fic. 27—RUNNING CONNECTION PERFORMANCE OF BK Motor D 
witH Maximum PHASE COMPENSATION 


The two performances differ mainly in that, with the higher 
compensation, the efficiency is a little lower, while the power 
factorj at fractional loads is leading, instead of being lagging. 
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Another interesting fact disclosed by Figs. 26 and 27, is that 
the current J; circulating through the commuted winding along 
the exciting axis does not change materially with changing load. 
It might appear at first sight that, when connected as shown in 
Fig. 27, the rotor exciting circuit is in series with the stator 
inducing winding, and that this series connection must be 
responsible for a compounding of the motor field; in other words, 
for an increase in exciting current proportional to the increasing 
load and a consequent rapid decrease in speed. The fact is, 
however, that, after switch 15 is closed, the full line voltage is 
impressed on the stator winding 4 in series with the compensating 
winding 5, or a part of it, and the voltage derived from said 
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Fic. 28—SpPEED-TORQUE CURVE IN RUNNING CONNECTION OF BK 
Motor D with MaximMuM PHASE COMPENSATION 


compensating winding, or a part thereof, is impressed on the 
rotor exciting circuit 8, 10. The stator windings 4, 5, act as 
the primary, and the winding 5, or a part of it, as the secondary 
of an auto-transformer. That the stator load current takes 
its way through the compensating winding 5, and not through 
the rotor, is clearly shown by the variation of the current J, 
in winding 5. The compensating winding carries two currents, 
a practically constant exciting current, closing through the 
brushes 8, 10, and the variable stator load current. These two 
currents are of almost opposite phase and J, is their resultant. 

Fig. 28 is of particular interest in that it shows that the BK 
motor is also able to start with a fairly powerful torque in its 
normal running connection. Under these conditions the starting 
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current is, of course, quite large, but this possibility is not with- 
out practical significance, for in many cases it is of advantage 
to be able to start and run a motor without any change of con- 
nections being necessary. Fig. 28 shows that, with switch 15 
in the maximum compensation position, the motor is able 
to develop a static torque equal to 63 per cent of the full-load 
torque. 
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Discussion ON “‘ SINGLE-PHASE SQUIRREL-CAGE Motor wITH 
LARGE STARTING ToRQUE AND PHAsE COMPENSATION ”’ 
(Fynn), St. Louis, Mo., Ocr. 19, 1915. 


H. Weichsel. A few words in regard to the working character- 
istics of this machine might be of interest. Mr. Fynn shows, 
in his paper, a series of test curves. A study of these 
curves shows that this type of machine acts very much like a 
synchronous motor. With a certain compensation the power 
factor of the machine at no-load is leading. When the load in- 
creases, the power factor approaches unity, and with still further 
increase of load, the power factor goes slightly below unity. An 
over-excited synchronous motor shows exactly the same behavior. 

By changing the magnitude of the compensating voltage, the 
power factor of the BK machine can be changed in exactly the 
same manner as this can be done in a synchronous motor by 
changing the d-c. excitation. 

Increasing the compensating voltage of a BK motor, increases 
the power factor, but slightly decreases the efficiency. This also 
has its parallel in a synchronous motor which decreases its effi- 
ciency with increasing excitation. 

The synchronous motor and BK motor are therefore as far as 
operating characteristics are concerned, fully identical with one 
exception that the BK motor does not run at synchronism. 

The BK motor makes use of a commutator. A detailed study 
of this machine, shows, however, that its commutating properties 
must be superior to other a-c. commutator motors. Some of the 
most important reasons for this superiority are: 

First; the commutator carries a comparatively light current, 
due to the fact that the greatest part of the working current is 
flowing in the squirrel-cage winding. 

Second; due to the squirrel cage, it will be found that this 
machine is not very sensitive to higher harmonics in the line 
voltage. 

Any other single-phase commutator motor I know of, shows 
quite noticeably, poorer commutation when connected to 
a line voltage which contains higher harmonics, than when 
operating from a line the voltage of which follows the sine law. 

The commutation of the BK motor is hardly influenced by 
higher harmonics in the line voltage, on account of the squirrel 
cage, which has the tendency to cancel all the magnetic fields 
which the higher harmonics of the line voltage tend to produce. 
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THE CALCULATION OF THE LONG-DISTANCE 
TRANSMISSION LINE UNDER CONSTANT 
ALTERNATING VOLTAGE 


BY GEORGE R. DEAN 


ABSTRACT OF PAPER 


By separating real quantities and imaginaries in the general 
solution of the differential equations which express the relations 
which exist between the current and voltage at any point of a 
transmission line, the components of current, J:, and J, and the 
components of voltage, Vi and Ve, are expressed as rational func- 
tions of the four quantities 


cosha xcos gx, sinha xsingx, sinha xcosgx, coshe xsin Bx. 


Denoting these respectively by Q:1, Qz, Qs, Qs, we have 


Vi = A, Qi— Az Qe a JB) Qs — By, Qu, 
V2 = Ag Qi + A, Qe + Be Qs =z Ba Ou, 
I, = Ci, Qi —C, Qe + Di Qs — Deo Qu, 
Ts = Cy Qi + Ci Oz + D, QO3 + DQ, 


where x is the distance of any point in the line from some 
fixed point in the line chosen as origin, a and g¢ are certain 
functions of the line constants, and A1, Bi, Ci, Di, A2, Bo, C2, Do 
are constants determined by the given terminal conditions of 
voltage, current, power and power factor. The constants Ci, 
C., Di, D:, are expressed in terms of the others by simple re- 
lations developed in the paper, thus reducing the problem to 
the determination of four constants only. There must then be at 
least four independent relations given involving the com- 
ponents of voltage and current at given points, the line constants 
being known. These four relations determine completely the 
voltage and current at any point of the line. 

The values of Ai, A2, Bi, Bz are determined in several special 
cases and numerical examples are worked out in full detail. 
Section I contains the solutions and formulas. Section II con- 
tains the numerical examples. 


SECTION I. MATHEMATICAL 
ET V represent the voltage of the representative single- 
phase line, J the current, f the frequency, and p = 27 f. 
Let the constants of the line per unit length be as follows: 
R = resistance, L = inductance, C = capacity, S =leakance. 
2511 
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The current and voltage are connected by the relations 


OV ol ' 
Se ee — 
ol OV 

= =SV+6 ah (2) 


where 0 denotes partial differentiation. The derivation of 
these equations can be found in several places. 

When the voltage and current are simple harmonic or sinu- 
soidal, these equations reduce to , 


dv . 
divine ba tie’ deb (3) 
An 
aggre srak Siti Gey, (4) 


where 
= Victj Vo, L =I11+ jl. 


2. Solution of the Differential Equations. Differentiating (8) 


dl 
and substituting the value of sere from (4), we find 


2 


fs Va 
Fe RTA DS AIBC (5) 


Fees 4 one OV 
Differentiating (4) and substituting value of ae from (38), 


ME : 
Ge = R+iPLS+ip OI (6) 
Let Q? denote (R +7 pL) (S +jPC), so that 


cay, . PI 
; diiseguey os) ecu ealmeeet 7) 


dx? 


\ 
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Thus Vand J satisfy the same differential equation. The 
formulas for V and I will therefore differ only in the constants 
of integration. 

The solutions are as follows: 


= (Ai + j A2) cosh Ox + (B; + j Bs) sinh Ox (8) 
I = (Ci +7 C2) cosh Q x + (Di + j D2) sinh Q x (9) 


where 
il : 1 
cosh Q x= 5 (e@* + e-O*) and sinh Ox = 5 (e2* — e- Q*), 


The values of cosh Qx and sinh Qx for real arguments are given 
in the Smithsonian Mathematical Tables. 3 
In order to separate the components of V and J we must first 


express cosh Qx and sinh Qx as complex quantities. 
LetQ = a+ j 6, thensinceQ@? = (R+jpL)(S+jpO), 


we have 


ee aca 2 ff Cop = (Kh St Cp) 4-9 (RC ALS) Dp. 
Whence, 


a— § =(RS—LC f’), and 2a8 = (RC+ LS) ha 
(10), (11) 


Since p is positive, we see that a and 6 must have like signs. 
It will appear farther on, that they are both positive. 

The algebraic solution of (10), (11), iscumbersome. The fol- 
lowing trigonometric solution yields the values of two other 
quantities which are necessary in the computations that follow. 


Let a = Neos &, 8 = N'sin £, then a? — 6B? = N® cos 2 &, 
2a 6 = N*sin 2£, by reason of the identities cos? §—sin? £ 
= cos 2 £, 2 sin ~ cos & = sin 2 &. 


"Let R = Zcos6, pL = Zsin6, thenZ = VR?+ pL? = 


cos 6 


PL 
sin 6 
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Let S = Ycos y,pC = Ysin y, then Y = V84+ RC 
S eC 


cos Y sin Y~ 
Then RS—L Cp?=Z Y cos (+6), (RC+L S) p=ZYsin(y +6), 
and 
N? cos2 € = ZY cos (y + 6), N?sin2 & = Z Ysin (vy + 6). 


Squaring and adding these last two equations, we find 


N = VZV and § = 4 (y +3). 


Therefore os ara 
= VZY cos é, and.B = VZYsin ¢ (12) 


3. Computation of numerical values of aand B: 


Compute value of Be This is tandé6. Find 6 in the table 
pL 
and take out cos 6, and siné. Then =— =. Z, 
6 sin 6 


DC 


Compute value of aa This is tan y. Find y in the table, 


and take out cos y andsin y. Then ait = a =e 
cos Y sin Y 


Then compute VZ Y, and = (y + 6). Find sin & and cos & 


in the table. Substitute WZ Y and sin £ and cos €in (12). 


Numerical Illustration. Taking R = 0.30, L = 0.00196, 
C = 0.0153 X 10-*, S=0, p = 877, we find the following: 
tan dé = 2.4600, — 67° 53’, cos6 = 0.3765, sind = 0.9264; 
tan y = ~, y = 90°, cos y = 0, sin y = 1, = = 78° 56’ 30!", 
cos § = 0.19181, sin & = 0.98143; Z = 0.795, Y = 5.77 < 10-8, 
VZV =2.14X 103;a = 0.000412, B = 0.002100. 


4. Separation of the components of v and I. We make use of 
the following identities: 


cosh (a + j B) x = coshax cos Bxt+jsinha x sinB x, 
sinh (a + j B) x = sinhaxcos Bx +jcoshaxsin Bx. 
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Or, more briefly, 
cosh (a + j B) x = Qi +j Qs, sinh (a +7 B) x = Os +7 Qs. 
Then, 
(A: +742) cosh (@ + j Bx) = (A1Q1— A2Q2) 
+ j (A1Q2 + Ae Qi) 


(By + 7 Bs) sinh e + 7 B) x = (BiQ3— Ba Q.) 
+ j (B2 Qs + Bi Q,). 


Accordingly, 
= (A, Q: — A2 Qe) + (Bi Q3— Bz Q,), (13) 
7 = (AiQ2 + Ao Qi) + (Bz Os + Bi Qi), (14) 
= (CiQ:— C2 Qe) + (Di Q3— DQ), (15) 
fe = (C2.C, + G0) -2 0s + Di 0). (16) 


The C’s and D’s can be expressed in terms of the A’s and B's. 
For we have 


oV 
Bee (an Plt Au+ 9 42) sinh (at Jp) « 


Ox 
+ (B, + j Bz) cos (a + j B) x], 
and 
(R+jpL)I = (R+ GPL) [(Ci + J C2) cosh (cea jie 


+3(D, + 7 D2) sinh (a + 7,8) <x]. 

Now 
ov 
Ox 


=(R+jpDI. 


Therefore, equating coefficients of cosh (@ + j Dae 
(R+ 7pL) (Ci +9 Cx) = (a +7 B) (Bi + fj Be) (17) 
and equating coefficients of sinh (a@ + j Ee 


(R +f pL) (Di +j D2) = (aF B) (Ai +5 A») (18) 
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Substituting, 


R = Z cos 6, pif = Z sin 0; 
a= VZYcost, 8 = VZVYsin £, 
(17) and (18) become, 


Z (cos 6 + jsind) (C1 + j C2) = VZY (cos ¢ 
+ jsin £) (Bi + 7B,), 
Z (cos6 + j sind) (Dit j D2) = VZY (cos ¢ 


+7 sin é) (A, “tz 9) Meee 
Now 
cos + sin & 


cos 8 be fsind. 1 coo Mt = 9) 7 sin (F96). 
Therefore, 
Cotes Cate Ven { cos (€ — 6) + jsin(E = 8)} (Bi 4jB3) 
Di+jD:z = Naas (€-0) +7 sin (€— 6)} (Ai47 As), 


Separating real and imaginary quantities, 


Gi = WARE {Bi cos (E — 6) — By sin (€—6)} (19) 
Crre A sin ( — 6) + By cos (£—6)} (20) 
aa ) 

= Zz 1A: cos (£ = 0) Ae sin (26)? (21) 


D2 = Vee sin (§— 6) + As cos (E— 6)} (22) 
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Squaring and adding (19) and (20), 
Y 
Ce a C2 = Se (BY? = B,?). 
Likewise from (21) and (22), 
VG 
Dye Dee= es (A? + A,?). 
And by obvious processes, 


Ve 
Ci Di + C2, D2 = 7 (ATBi tA 2 Be), 


Ww 
Cy D,— Ci, Ds = 7» (A, By A, B;). 


These formulas will be found useful in the next section. 
5. Calculation of Power Lost in the Line. 


1 
(a) The dielectric loss fs V." dx where Vis the effective value 


0) 


1 
(b) The conductor loss is { RI, dx where I, is the effective 


0 
value, . 


It must be borne in mind that the constants Aj, Ae, Bi, Bo, 
are different for different positions of the origin. If the middle of 
the line were chosen as origin the integration would be between 

] ; 
3 and — 3: 

The evaluation of these integrals requires a good deal of pains 
but not much ingenuity. Squaring the expressions for V; and 
V2 in (13) and (14) and making use of the identities, 


2 sinh? ax = cosh 2ax— 1, 2 cosh? ax = cosh 2 ax + 1, 


2sin? Bx = 1— cos2 Bx, 2cos? Bx = 1+ cos2 Bx, 
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we find that 


Vi 


= (A? + A? + By + By?) cosh 2a x 
+ (A,B, + Az Be) sinh 2ax 
5 (Ait + 4? — Bit— By!) cos 2 Bx + (42 Bi— Ai By) 
sin 2B x. 


Now 


[cosh 2a = Sade | sinh 2a de _ cosh 2 a x 
2a 2a 


: ih 40082,8 4 58 isin 2B xe 
if sin 2 Bxdx = — meh, Yom Bethe ey 


Therefore 


1 = ‘ . 
[syed = (Av +A? + BY + 54) sua 


0 


: l 
+ (At + At— Be By) SSP 


h2 al — 
+ 2 (Ai Bi + Ao Bz) (eee) | 


B 


(b) The loss in conductors: Substituting C’s for A’s, and D’s 
for B’s in the expression for V,?, and using the formula at the 
end of Article 4, we find 


1 
[riw--4 = 47 [we fe Ait Becta) ee hie 


0 


= 2 (AB aA ae® (ope) (23) 


— (Agi A ee sare 


9a Seg as (eee) 


a 


{9 (AaiB teed Be (374 )] (24) 


ae 
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(c) Formula for the total loss: Since S = Ycos ¥, and 
R = Zcos6, we have 


RY: i! 1 
Shes ty os = 2Ycos > (y + 4) cos 3 (¥ — 9), 
np + eel veal 
Seed i eid Cy 18) sini, “C7 8) ). 


Adding (23) and (24), and denoting the dielectric loss by Ps 
and the conductor loss by Pr, we find after a little reduction, 


gry Sa ae 1 
125 + JER => 9 VF [eos 4 A= 6) \(A 
+ A2+ BY + B,?) sinh 2 al 


+ 2 (Ai B,; + Az Bs) (cosh 2 al — 1) 
jo, ¥ : 
+ sin (vy — 9) (B2+B2— A’2— A2?) sin2 Bl 


+ 2 (A, B2— Az Bi) (1 — cos 2 Bl) | (25) 


Special Cases. 

6. The most useful form of solution appears to be that in 
which the coefficients are expressed in terms of the voltage, cur- 
rent, and power factor at the receiving end. 

Let Ey + j 0 be the receiver voltage, 

Ty (cos 8 + j sin @), the receiver current. 

Then, taking origin at the receiver end, 


Iy= ie cos 0, Iz = In sin 0, when x = 0; 
Vi = Eo, Vo = 0, when x = 0; 


0, = 1,Q2 = 0,23 = 0, Q, = 0, when x = 0. 


ll 


Substituting in (18), (14), (15), (16), there results 


Aj = Eo, Ae = 0, G = I cos 6, Co = I) sin 6. 
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The general formulas now appear 


VW= E Qn 42 (By Qs3 ect 8, OD; 
Vo = Eo Q2 + (B2Qs + Bi Q,), 
Ti = Ip (Qi cos 8 — Qg sin 6) + (Di 0;— Dy Oo) 
Iz = Ip (Q2 cos 0 + Qi sin #) + (D2 Q3 + Dy SAP 


We have yet to find the value of B,, Bz, Di and Dy. 
Substituting the values of 41, As, Ci, Cz in (19), (20), (21), 
and (22), 


B, cos (é — 6) — Besin (¢— 6) .= Meet -Io cos 6, 
B, sin (E-— 6) + Be cos (&— 6) -V Z - Io sin @. 
Solving these two equations for B 1 and Bo, 


Biri s ys ae cos (@— £ + 6), and 


By 


To Van sin (@— & + 6). 


The formula (21) and (22) give at once 
Die WV  . (¢—8), and D, = &, a (poea 
Formulae (19), (20), (21), (22) now becomé 
Vi =£,0, + BAe | Qs cos (8 — psy 
— Qisin (6-4 8)1 (26) 


Ve = Eo Qs + IW | Qa sin (6— & + 6) 


+ Qcos@—e+ayt a7) 
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Ly 


may | Qs cos (£— 8) — Qy sin (¢— 5) } 
+ Io (Qi cos 8 — Qe sin 0) (28) 


Lou= Bee | Qssin (¢— 6) + Q, cos (& — 5) | 
+ Io (Qisin € + Q2cos 6) (29) 


N.B. If the current in the receiver is lagging, 0 is negative. 

Eo, Io, cos 8 may represent the voltage, current, and power 
factor at generator terminals, if x be taken negative, so that 
Q; and Q, are negative, while Q; and Q, are always positive. 

(a) If the line is open at the receiver end, J) = 0, and then 


Vi = £o Qi, and V2 = Eo Qe, (30) 


qi 


Eo Wee | Qscos (¢— 8) = QO, sin (€— 6) l (31) 


pace ee JQ, sin (£— 6) +0, cos (t— 6) } (32) 


Squaring and adding (80), 
Vi Vi = Er (Or 4.027): 
To reduce the right member, we use the following identities, 


2 cosh? ax = cosh 2 ax + 1, 2 sinh? ax = cosh 2 al —.1, 
2 sin? Bl = 1 — cos2 Bl, 2 cos? Bl = 1 + cos 2 Bi. 
Thus 


Q? + Q2 = 5 (cosh 2 ax + cos 2 Bx), 


and 


JD = ai, Won (cosh 2 ax + cos 2 Bx). (33) 
Squaring and adding (31), and (32), gives 


Tpit SEV Jor +08} 
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which, when reduced by means of the identities above, is 
= fae, yee van (cosh 2 ax — cos2 Bx). (34) 


Which, by (83), gives 


cosh 2 al — cos 2 Bl 
aa — v cosh 2 al + cos 2 fl (35) 


I, is the so-called charging current. Its components are given 
by formulas (31) and (32). 
To find the power consumed in the unloaded line we evaluate 


i i 
| S V,? dx and it RI, dx. 


0 0 


Using formulas (30), we find 


“4 SE,’ 1 sinh 2 al sin 2 Bl 
gic cosh 2.al + cos 2 Bl 2a Tens B oe 
Using formula (85), 
pes RY foes | Sima 2al sin 2 Bl 
* Z (cosh 2al + cos 2 Bl) 2a 258 


(38) 
The total loss is given by 


YY sinh 2 al cos § (y~46)—sin 2 Bl sin 3 (y—5) 
= 2 te8. 2 2 
PatPs=E, Vv Z cosh 2 al + cos 2 Bl 


(40) 
(b) When the line is short-circuited at the receiver end, we 


have E, = 0, when x = 0, and the formulas (26), (27), (28), 
(29) become 


Vi = I eae 10s cos (@— +6) — Q, sin (0— é+3)} (41) 
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v= MZ {o,sin(O- €4+8) + Qrcos(0-e+8) | (42) 
TI, = In (QQ: cos 6 — Q2 sin 8), (43) 
To = To (Qi sin 6 + Qo cos 0) (44) 


From these we find by processes like those above, the following: 


ve=1--lortort 
= sly zs ; | cosh 2 ax — cos 2 Bx |, 
Whence 
————— VJ/2 
T= K/pakioh fh yest Ey AV i20ta ge (45) 


Z Vcosh 2 al — cos 2 Bl © 


£10. (O# +. 02°) .= eG (cosh2ax-+cos2 Bx); (46) 


a = by (Se er) 


cosh 2 al — cos 2 Bl co 


In order to find the components of V and J we must first find 
the value of 6. Since we are taking the receiver voltage as the . 
zero vector, we have 


Ve = 0, when x = 0. 


And since the power at x = 0 is zero, we have I, = 0 when 
x=0. This gives 


Q: cos @— Qz2 sin 8 = 0, when x = 0. 
But 0, = 1, when x = 0; and Q2 = 0, when x = 0. 


Therefore, cos 0 = 0, 0 = 90°, sin 8 = 1, and (41), (42), (43) 
(44), become 


pra N {Q, sin ( — 8) ~ Q, 00s (¢- 8) (48) 
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iB 3 
Veen, Ve | Q1 cos (£— 6) + Qesin (eb (49) 


ile; ate Io Qo, Ton = I Oi (50) 


The power input is Ii, Vig + I2g V2,, and is consumed mostly 
in the conductors. The separate losses are found by changing 
signs in formulas (37), (88), and the total by changing signs in 
(39). 


(c) Given generator terminal voltage and receiver impedance. 


Ro 
Zo” where 
Zo = VRe + X;’, is the power factor and the value of cos 0 


Let Ro + jXo be the given impedance; then 


in formulas (26), (27), (28), (29). — is the value of sin 0. 
0 


The values of the Q’s having been computed for x = l, and 
the values of £ and 6, the formulas become 


Vig = Be Oi a Tos V2, =i Op =i (51) 
Ing = Evo H+ KIp, In, = Ey F+ Glo, (52) 


where M, N, F, G, H and K are known numbers. 
Since Hy = Zo Io, (51) and (52) may be written 


Vig = M' Io, Vag = N’ Io, In, = K' Io, I2g =G’ Io, (58) 


where M’, N’, K’ and G’ are known numbers. 
Since 
7 


Vi, = E, cos $, and Vo, = E, sin d, we get tang = ae whence 
¢, sin d, and cos @. Then 


isa cos @ _ E, sin @ 


I) = M’ N’ (54) 
and by (53) _ 
K’' 
ia = Ww E, cos @, Io, = aS E, sind (55) 


E, being given and sin @ and cos p ge? determined, the 
problem is solved. 


‘ty 
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(d) Given power and power factor at receiver and loss in line. 

The impedance of the receiver is not known, but is to be deter- 
mined. The value of sin @ and cos @ being known, and that of 
Ey I) cos 6 which we denote by Po, and the known loss byt PR 
we pave from (51) and (52), 


(Ey 0, + MI) (Eo H + KI) + (Eo Q2 + N In) (Eo F + G Io) 
ie te ing 1151) 


2 x oe 
Now Ey) =. ——,.._ Therefore, by substitution in (55) an 
Iy cos 0 


algebraic equation of the fourth degree is obtained which may be 
solved as a quadratic, and has at least one real positive root. 
(e) Line loss a minimum with given power factor and power. 
Differentiating (57) and equating to zero, because d P = 0 
at a maximum or minimum, we get an equation of the form 


(A Ey + Blo) dEo + (CEyo + Dh) dIy = 0. 
Since Lo Io is constant, 
Ind Eo + Eo do = 0. 
Eliminating the differentials. 
A Ee + (B— C) fol o- DI? = 0. 


which, with Ey Jy) = constant, determines Hy and Ip. 

There are two values of Hy and two of J) corresponding, one 
pair corresponding to the maximum power, the other to the 
minimum. 


(f) Given electromotive force between generator terminals, im- 
pedance between generator terminals and receiver impedance. 
Let the receiver voltage be Eo +59; Zo = Ro +j Xo, the 
receiver impedance, Z, = Ri + j Xu, the generator impedance, 
Bi +jl = Ecossd +jEsingd = Ee the electromotive force. 
At the generator, we have 


E (cos@ + jsind) = (Vig tj Veo) + (Ri + 9X1) (i +9 J). 
Separating reals and imaginaries, 


FE cos. @ = Vig + Ri lig — X1 125, 
Esin @ = Voy + Ry fog X 1 11. 
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Now, Vig, Veg, 1g, I29, are expressed in terms of Eo, Io, and 
cos 6 as in (53), since Ey) = Zo Ip. Therefore, 


Ecos ¢@ = M"Iyand Esin d@ = N” Ip. 


Whence 
Ne 
tan @ = TE: d, cos ¢@ and sin @¢. 
Lom oS Oe 


MM’ IN 


Then substituting in the equations corresponding to (53) we 
get the generator voltage and current and power factor. 

(g) Derivation of formula for the leakage conductance S, from 
Peek’s empirical formula for corona loss. 

The loss of power per unit length of conductor, according to 
Peek, is given by the formula 


dP 
rem 8 (Bs = E.)% 


where a is anempirical constant, f the frequency, E, the effective 
voltage at x, and E, a critical voltage at which corona begins. 
Then the line loss is given by the formula 


P mo af (3 ra fae dx, ; 


0 


where s is the distance from the open receiver to the point where 
corona begins. P is expressed in kilowatts, « in kilometers. 
In the unloaded line, 
E, = A V cosh 2ax + cos2 Bx, where A = Bsiebid aes wae 1 
V cosh 2al + cos 2 Bl 
Then 
P= uf { [a (cosh 2 ax + cos 2 Bx) 
0 


-2AE, Vcosh 2ax + cos 2 Bx + E2| dx. 


Ss ; é : 
‘i (cosh 2 ax + cos 2 Bx) dx = sinh? as zh sn Ps 
0 
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The value of { V cosh 2 ax+cos 2 Bx . dx can be obtained 


0 
only by approximation. The answer is nearly V2 oe : ) 


when cos 2 fl is nearly unity, as it is, except in extremely long 
lines. Therefore, 


sinh 2 as sin 2 Bs 


Pe 


2A FE, V2 sinh as 
a 


+s Ee]. 


Now, in the unloaded line the conductor loss is negligible and 
the dielectric loss is given by (87) Equating to the calculated 
corona loss, we find 


P (cosh 2 al + cos 2 fl 


, (sinh 2 al as 
Ee ( 2a + 28 


S = 


SgecTion II]. NuMERICAL ILLUSTRATIONS 
1. Taking 1 = 300 miles, R = 0.30 ohms, L= 0.00196 henrys, 
C = 0.0153 X 1078 farads, S = O, p = 377, we find (see Art. 2, 
Section I), 
5 = 67° 53’, y = 90°, — = 78° 56’ 30’", Z = 0.795, Y = 5.77 
10-8, £6 = 11°3/30", VZ Y = 2.14 X 10, a = 0.000412, 


Z Y 2.693 
8 = 0.002100, Mee = 371.5, Vas ee: 


sin (£ — 8) = 0.19181, cos (¢ — 6) = 0.98143; 
al = 0.1236; Bl = 0.630 = 30° 6’, 2 al = 0.2472,.2 Bl =72° 12%, 
sinh al = 0.1239, cosh al = 1.0077, cosh 2 al = 1.0307, 
cos 2 BI = 0.3057, sin Bl = 0.5892, cos BI = 0.8080; 
QO, = 0.8142, Q2 = 0.0730, QO; = 0.1000, Q4 = 0.5935. 


Taking generator terminal voltage at 100,000 volts, we find 
for the receiver voltage, for the unloaded line, 


100,000 /2. 
Eo er 122,300 volts. 
V1.3364 
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The components of the generator terminal voltage are, by (30), 
Vig = Eo Qi = 99,600, Vag = Ey Qo = 8,900. 


For the charging current, 


0.7250 


i 3) 
I, = 100,000 X 2.693 x 10 x Vv 1.3364 


= 199.2 amperes 


Its components, (81), (32), are 


T1, = 122,300 x 2.693 x 10-2 | (0.1) (0.9814)— (0.594) (0.192) 


= — 5.3 


Iog = 330 X 0.6042 = 198.8 
The power consumed in the unloaded line is 


(99,600) (— 5.3) + (8900) x (198.8) or 1,250,000 watts. 
Since S = 0, the dielectric loss ig nothing. Formula (38) gives 
the same result, 1,250,000, for the conductor loss. 

2. Now let us take J) = 68.0 amperes, Ey = 57,700, cos 0 
= 0.85. Then sin @ = — 0.9270 sc0 =e — 31 AT Ge — £1 § 


= =>, 42° 801/30"", cos (0 — Esa 6) = 0.7332, sin (0 — £ + 6) 
= — 0.6800. Substituting in (26), (27), (28) and (29), 


Vig = (57,700) (0.8142) + (68.0) (2.693) 103 | (0.1) (0.733) 


+ (0.594) (0.68) = 59,060 volts. 


Veo = (57,700) (0.073) + (25,300) | (0.1) (— 0.68) 
+ (0.594) (0.733) = 13,490 volts. 
13,490 
tan @ gv = 59,060 ~ 0.2280, by = 12°51’, cos Pv =0.9750. 


V, = 60,600 volts. 
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Peat (0.8142 (0.85) — (0.073) (— 0.527) 
si SG Fo | (0.1) (0.9814) — (0.594) (0.192) 


0.7285 Ip — 0.0000431 Ey = 47.0 amperes. 


The T, 1 (0.8142) (0.527) + (0.073) (0.855) 


Eo 
371.5 


+ 1 (0.1) (0.192) + (0.594) (0.9814) 


— 0.366 Io + 0.00162 Eo = 68.5 amperes. 


_ 68.5 


tan by = go-5 = 1-459, bo = 55° 10’, cos by: = 0.5712, 


I, = 82.0 amperes. 
Pig — bog = 42°19’. Power factor = cos (42° 19’) = 0.7395. 
Power input = 60,600 < 82.0 X 0.7395 = 3,700,000 watts. | 


3,333,333 


3,700,000 0.205 


Efficiency of transmission = 


3. Leaving Ey and Jp arbitrary, and taking power factor 0.85, 
we have above, , 


Vig = 0.8142 Eo + 177.3 Io, 

Vog = 0.0730 Eo + 186.0 Jo, 

Tig = 0.7285 I) — 0.0000481 Eo, 
Iog = —0.366 Io + 0.00162 Ey 


These equations enable us to tabulate rapidly values of the 
generator voltage and current and power factor corresponding 
to a series of values of Hy) and Jo, when the power factor is 0.85. 
A different power factor requires a different set of equations. 

4. Minimum power input for given output at given power factor. 

The power input is 


(0.8142 Ey + 177.3 Io) (0.7285 Ip — 0.0000431 Ep) 
+ (0.730 Ey + 136.0 Io) (0.00162 Eo — 0.366 Jo), 
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which, multiplied out, is 
0.001145 Ey? + 0.5465 Ey Ip + 79.2 I,?. 


Since Eo Jy is constant this a maximum or minimum when 


Eo Ip being constant, 
Ind Eo + Ey d Io =! 0. 


Eliminating the differentials, 


0.001145 Ey? = 79.2 1,2, 
E.? = 69,200 I,?, Ey = 265 Ip. 
If Eo Ig = 68.0 X 57,700, then Ey = 32,200, Ip = 123.0. 


This will be found to be a maximum. There is a minimum, 
but it seems necessary to tabulate values of the generator voltage, 
current and power factor, to find it. The minimum is found to 
be about 3,665,000 watts, voltage 65,300 volts, current 60 am- 
peres, power factor 80 per cent. 


5. In order to see the effect of leakage we take the same line’ 
with the same constants, but with S = 20 X 10-8 instead of 
S=0. We find 


0 = 67°54'12"" y = 88° 0'51"", Z = 0.795, Y=5.772X10 =ae 


GS 17° 8712 VZV =O te 10-3, 


Z Y ) 
Ae ae 371.6, NeLe = 2.671 X 10-*; wave length = a 


a = 0.000442, 8 = 0.002070. 


al = 0.13260, Gl = 0.6210 = 35° 34’ O25 2 hae 0.2652, 
2 Pl = 71° 91 4477? cosh otis 1.0089, cos Bi = 0.8133, sinh 
al = 0.13298, sin Bl = 0.58186. 


Qi = 0.8203, Qe = 0.776, Qs = 0.1082, QO, = 0.5892, 


6 = — 31° 47', sin @ = — 0.527, cos 0 = 0.85, 


£— 6 = 10° 03’ 20", cos(£— 6) = 0.98164, sin'(i£ = 6) 
= 0.17460. 
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(@— &€+ 6) = — 41° 50’ 20’, cos (@ — + £6) = 0.74507, 
sin (@— +6) = — 0.6670 

Vig = 59,300, Vo, = 13,670, doo 

For.S = 0, we had 

Vig = 99,060, Vo, = 13,490,650 

Fors = 20 < 105, wetind 

I,, = 49.13, [2 = 67.8, di, = 54° 4’, IT, = 83.7 amperes. 

For S = 0, we had 

Ty, = 47.0, Ing = 68.5, boi = 55° 10’, IT, = 82.0 amperes. 

For S = 0, power factor was 0.7395, while for S = 20 x 10-8 
the power factor is (cos 31° 7’) or 0.856. Obviously the effec- 
tive values of voltage and current are not much changed, but 
the power is changed considerably. 

For S = 0, the efficiency of transmission was 90 per cent; for 
a= 20 el 0, 86.5, percent, 

6. If the receiver impedance is 425 + 7 263.5, and the generator 
voltage is 100,000, find the components of current and voltage 
at the terminals. (S = 0.) 

Here Ey) = 500 Ip, cos 6 = 0.85, sin 6 = — 0.5270. 

Taking equations in Article 3, we have 


12° 57’, V, = 60,900 volts. 


I 


12° 51’, V, = 60,600 volts. 


I 


Vig = 584.3 Io, Vag = 171.5 Lp, tan gr = 0.293, Sov = 16° 20’, 
cos dy = 0.9596, sin dw = 0.2812, and if H, = 100,000, we have 


I, = 164.0 amperes, Vig = 95,960, Vo, = 28,120, Ey =82,000 
volts. : 
e390 a= — 86.0714; = 119.0 fo,-= 13.0, 2) = 139.0. 


Power input = (95,960 X 119.0) + (28,120) (73.0) 
= 13,500,000 watts. 


Output = 82,000 X 164 X 0.85 = 12.250,000 watts. 


7. Let the electromotive force of generator be 100,000 volts, 
generator impedance 80 + j 60, receiver impedance 425 + 7 263.5 
The power factor of receiver is 0.85, and Ey = 500 Jo. 


Vig = 0.8142 Ey + 177.3 Ip = 1.1688 Eo, 


Vo, = 0.0730 Ey + 136 Ip = 0.345 Eo, 

Ii, = 0.7285 I) — 0.0000431 Ey = 0.001414 Eo, 

Ing = — 0.366 Ip + 0.00162 Ey = 0.00089 Eo. 
At the generator, 


100,000 (cos 6 + j sin d) = (Vig +7 Veo) + (80 + 7 60) 
(Lig ao) Io). 
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Separating, 
100,000 cos @ = Vig + 80 Ii, — 60 Io), 
100,000 sin @ Vag + 60 Lig + 80 Io,. 


I 


Substituting values of Viz, Voy, Lig, I2,, above, we find 
100,000 cos @ = 1.2185 Ep, 
100,000 sin 6 = 0.5090 Zp. 
tan @ = 0.418, 6 = 22° 41’, cos @ = 0.9228, sin bd = 0.3856. 


Ais Ys ay De 92,280, Ey = 74,000, Io 152.8, 

Vig = 1.1688 Eo = 89,500, Vo, = 0.345 Ey = 26,500. 

tan dog = 0.295, doo = 16° 26’, V, = 93,100. 

Ii, = 0.001414, Ey = 109.0, In, = 68.0, di = 31° 58’, T,= 128.5 
Pg— oi = 15°32’, cos 15° 32’, = 0.9635. 

In-put at generator = 12,400,000 watts. 

Out-put at receiver = 9,950,000 watts 

Efficiency of transmission 80 per cent. 

Loss in generator = 320,000 watts. 


Presented at the 314th Meeting of the American 
Institute of Electrical Engineers, St. Louis, Mo., 
October 19, 1915. 


Copyright 1915. By A. I. E. E. 


MUNICIPAL COOPERATION IN PUBLIC UTILITY 
MANAGEMENT 


BY PHILIP J. KEALY 


ABSTRACT OF PAPER 


Conditions surrounding early grants. Meager knowledge 
of the importance of public utilities in their inception. The 
changing view-point of the public with respect to the utilities, 
The constantly increasing investment necessary to meet public 
demands and the need of favorable franchise conditions, that 
capital may be attracted to meet same. The early franchises 
proved unsatisfactory. Public utility business should be a 
monopoly but should be regulated. The question of its regula- 
tion. Different theories under which regulation and municipal 
cooperation have been exercised. Future additional coopera- 
tive measures. Limitation of extensions. Building of ex- 
tensions by private assessment. The injustice of diverting 
public utility earnings to municipal purposes. An abstract of 
the Kansas City traction ordinance passed July 1914. 


[een G the early 80’s or 90’s the country was carried away 

with the possibilities of both urban and interurban electric 
traction and electric light and power. This realization of the 
many possibilities of electricity, taken together with the in- 
creasing demand for conveniences, resulted in communities 
giving every encouragement to capital, that it might bring 
within the range of their individual members electric trans- 
portation, electric light and power, as well as telephone, gas 
and water facilities, former luxuries which have now become 
absolute necessities. Corporations, whether publicly owned or 
privately managed, furnishing this service have since become 
known as public utilities. 

The franchises under which these early public utilities were 
promoted, constructed and operated, were generally granted 
on easy terms and contained many loose provisions, the chief 
interest of communities at that time being to make certain 
that the investment would be undertaken and the service 
furnished; and if any value was attached to the franchise, it 
was its value to the community in making certain that the 
particular service would be assured its inhabitants. Because 

2533 
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of this view-point, competition and duplication were encouraged 
in every possible manner and franchises were indiscriminately 
granted all applicants. 

While in many of the eastern states perpetual franchises were 
granted, in the majority of states public utility grants were 
limited by statute to periods of from twenty to forty years. 
Due, therefore, to the expiration of a large number of these 
older franchises, the mutual relations existing between the 
public utility and community served have been within recent 
years the subject of deep consideration. 

In considering the older franchise contracts, it is generally 
found that, viewed with today’s tendency, they contain pro- 
visions which are apparently too favorable to the utility and 
which, in many cases, do not fully protect the interests of the 
public as now generally recognized. On the other hand, it 
must likewise be conceded that such franchises were drawn at 
a time when a very meager conception existed as to either the 
possibilities or the future development of public utilities. This 
meagre knowledge brought about many improvident and un- 
fortunate investments with consequent loss and hardships to 
the investor, and as a result, the net return to the operating 
company has not been as great as the public was wont to believe. 

Within the last decade a clearer and better defined under- 
standing of the entire situation has been brought about. The 
owners of the utilities more than ever realize that it is necessary 
for them to accord the best service to the public, and that public 
confidence and satisfaction are the greatest assets of any public 
service company. On the other hand, careful and disinterested 
studies have proved that public utilities as a whole are not as 
profitable as the public has been led to believe was the case, 
and that liberal treatment must be accorded the private com- 
panies, that they may continue to attract the additional capital 
necessary to meet the increasing demands for service. 


THE INCREASING INVESTMENT 


Because of the increasing demands for service, the increased 
population to be served, the changes in the art and more exacting 
service standards, tremendous sums have been and must con- 
tinue to be invested in all public utilities, if the public’s needs 
are to be satisfied. 

The urban population has greatly increased in the United 
States. In 1890, 36 per cent of the population of the country 
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was in cities of over 2500; in 1900, 41% per cent; while accord- 
ing to the census of 1910, 46.3 per cent of the total population 
resided in cities. 

The investment in the street railways of this country, which 
in 1890 was $389,000,000, had grown in 1902 to $2,167,000,000, 
in 1907 was $3,637,000,000, and according to the census 
report for 1912 had reached the enormous total of $4,545,000,000, 
an increase of over 1000 per cent within twenty-two years. 
Similarly, the investment in electric light and power companies 
has had an even more stupendous growth. 

Not alone the unusual and hazardous features of the service, 
but the frequent and constant changes in the art have played 
an important part in increasing the total investments made in 
public utilities. The large investment in horse car lines was 
succeeded by cable construction in many of the cities, notably 
Pittsburgh, San Francisco, Kansas City and Chicago. Before 
the investment in cable construction had reached the point 
where even moderate dividends were earned, it was in turn 
succeeded by electric traction. At that time the importance 
of the depreciation charge was not generally recognized and 
the initial investment in many of these older cable properties 
has never been realized to this date. The original methods of 
electric traction have in turn been changed many times in the 
fifteen or twenty years since their general adoption and, whether 
it be permanent or not, we now have the jitney. _ Power house 
design, affecting the electric railway, light and power companies, 
has undergone revolutionary changes from an engineering view- 
point. The replacing of the reciprocating engine by large 
turbo-generator units, the evolution in boiler and synchronous 
converter design and in the methods of transmission, all have 
undergone important changes and demanded an ever increasing 
investment. The constant extension of underground districts 
in the larger cities, within which all overhead wires must be 
removed to conduits, has entailed an enormous expenditure. 

Perhaps the influence of the changes in the art upon the 
investment can be best summarized in the emphatic statement 
that, despite all of the tremendous engineering advancements 
which have been made, regardless of the greater capacity of 
practically every unit now serving electric companies, whether 
it be in the power house, substation or street car, the investment 
per dollar of gross earnings 1s today greater than it was twenty 
years ago. And not only is the investment per dollar of gross 
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earnings greater, but the rate for service remains the same or, 
more frequently, has been reduced, while the purchasing power 
of money has decreased so that investors are receiving less and 
less. Universal transfers have reduced the average fare about 
30 per cent and a standard of service is now furnished which 
was formerly considered impossible to attain. 


Earty FRANCHISES UNSATISFACTORY 

The limited-term franchise in addition to not fully protecting 
the rights of the public, as they are now viewed, proved decidedly 
unsatisfactory to the private companies for the reason that no 
protection was afforded permanent investments. And since 
the former franchises did not protect, the early investments, 
the municipalities have been able to incorporate more exacting 
demands in new franchises because the investments now exist, 
whereas formerly the desire of the city was to encourage and 
assist in bringing about such investments. 

Therefore, in readjusting the relations between the munic- 
ipality and the private company, not only is the history of the 
industry better understood and its future possibilities recognized, 
but there exists in the mind of the public a broader knowledge 
of the subject and more clearly defined theories as to the con- 
ditions under which the future privileges should be exercised. 


REGULATED Monoporins 
Perhaps the foremost advancement in either state or muni- 
cipal cooperation in public utility managment is the recogni- 
tion of the fact that competition in similar public utilities with- 


in the same community generally results in an economic waste 
without improved service. 


municipal plants and in many instances the desire of munic- 
ipalities to enter into the public utility business has been re-\ 
fused by the state commission on the grounds that a privately 
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owned utility already existed within the municipality of suffi- 
cient size to meet the existing demands for service. 

The creation of public service commissions, in the majority 
of states, has been due not only toa recognition of the tremendous 
part public utilities now play in the affairs of the common- 
wealth but equally that proper supervision may be had. The 
present day tendency, as reflected in most of the more modern 
franchises however, is towards recognizing that the interests of 
the community and the private company furnishing public 
service to that community are identical and that the interests 
of each can be best served by mutual and concerted action. 

No public service commission act yet passed provides for the 
detailed participation in or supervision of the affairs of a private 
company essential to the successful operation of a partnership 
management. Therefore, where the city is interested in other 
than the mere standard of service required, a closer participa- 
tion in the company’s business is necessary than that which 
public service commissions can generally exercise under their 
enabling acts. 


EXTENT oF MuNICIPAL COOPERATION 


There have been a number of important franchises granted 
within the past eight or nine years, in which the trend or extent 
of municipal cooperation is well illustrated. Several different 
theories, all purporting to reach the same end, have been used, 
the more important of which being as follows: 

1. That the company be permitted a fixed return, if earned, 
upon an agreed valuation, all earnings over which to go to the 
city or to be used to reduce the rate of service. 

2. The company be permitted a fixed return on an agreed capi- 
talization and the surplus over same to be divided between the 
public utility and the municipality. 

3. That a certain per cent of the gross earnings be paid to 
the city, and the city in addition to supervise and regulate the 
service. 

4. The sliding scale, 


THE FIXED RETURN 


An example of the first theory is that of the Cleveland trac- 
tion ordinance, which permits a return of 6 per cent on an agreed 
capital value and fixed a rate of fare or service under which it 
was estimated the earnings would return the above per cent 


Sd 
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to the company. In addition, a reservoir fund was created 
into which the surplus earnings over and above the amount 
paid to the company are deposited. When this reservoir reaches 
a fixed maximum, fares are automatically decreased, and when 
the reservoir is depleted to a certain minimum the fares are 
automatically raised. In addition, the ordinance provides a 
fixed amount to be expended for operation, as well as for main- 
tenance. The weakness of this theory, as developed in the 
Cleveland situation, is two-fold: first, the evil exists in this con- 
tract that is inherent in any contract which limits the operating 
company to a fixed per cent of return, in that the incentive 
to the company towards providing efficient management is 
thereby utterly lacking; second, the building of extensions tends 
to decrease the reservoir and increase the rate of fare, this for 
the reason that generally all extensions are development lines 
and unprofitable during the first few years. 

The electric railway, by making available the cheaper outly- 
ing property at the same rates of fare, has done more to solve 
the question of improper housing conditions and slums than 
all of the sociological studies, investigations and corrective 
measures that have been undertaken in this country. Any 
ordinance provision which tends to limit or discourage exten- 
sions, either directly or indirectly, will permanently jeopardize 
and injure the best interests of the city, and will more than 
offset any of the meritorious provisions. The very life and 
vitality of every American city is concerned in developing the 
outlying property, making possible cheap home sites and by 
preventing a zone system of fares or rates discourage and render 
impossible the slum conditions generally found in Europe 
where such rates are in effect. 


THE Fixep ReEtTuRN TOGETHER WITH City PARTICIPATION 


The second theory is one on which both the Chicago and 
Kansas City traction settlements were made. The Chicago 
traction ordinance provides that the company shall be permitted 
a 5 per cent return upon an agreed capital value and that the 
surplus earnings over and above said 5 per cent return shall 
be divided between the city and the company, 55 per cent to 
the former and 45 per cent to the latter. The city, through a 
Board of Supervising Engineers, participates actively in the 
management of the company, supervising and directing every 
phase of its operation, such as the routing and scheduling of 
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cars, the approving of all engineering work, the supervision 
of contracts and the approval of capital expenditures. The 
original Chicago ordinance, as passed in 1907, did not provide 
for the participation of the Board of Supervising Engineers in 
the operation of the company, this supervision under the original 
ordinance being confined to the approval of capital account 
charges and the supervision of all engineering features. The 
vital interest of the city in proper service was recognized by 
amending the 1907 ordinance in 1913, so that the Board of 
Supervising Engineers would also supervise the routing and 
scheduling of cars, in addition to having supervision over the 
features hereinbefore mentioned. All of the aforementioned 
methods of city cooperation were also provided for in the 
Kansas City ordinance, passed in July of 1914. In addition, 
the Kansas City ordinance goes a step further and provides 
that not only will the city cooperate in the management through 
a board similar to the Chicago board, but it will also be repre- 
sented on the board of directors of the company, five of the 
eleven directors being appointees of the mayor. The city will 
thus not only have representation in the ordinary operating 
affairs of the company, but will be cognizant of all financial 
and corporate matters as well. 


City SUPERVISION TOGETHER WITH PER CENT OF GROSS 
EARNINGS 

The third method of municipal cooperation is, among others, 
the basis of the Chicago telephone and electric light franchises 
and of the St. Paul electric light franchises. The Chicago tele- 
phone ordinance provides that in addition to 3 per cent of the 
gross earnings being paid the city, a telephone inspector is to 
be selected by the city (but paid for by the company) who 
will be responsible for supervision of the telephone service. 
To him are given the various complaints and he is charged with 
the responsibility of correcting them, so far as he may be able. 
In addition, the rates are regulated every five years. Similarly, 
in the electric light franchise a fixed per cent of the gross is paid 
each year, the rates are regulated at stated intervals and the 
city electrician exercises supervision over all the service at all 


times. 
THE SLIDING SCALE 


As to the fourth method: Ofall the ordinances passed with- 
in the last few years, the Boston gas ordinance passed by act 
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of legislature May 26, 1906, is one of the few in which the 
efficiency of management is recognized. The initial rate of 
gas was fixed at 90 cents per 1000 cubic feet, which rate 
permitted a return of 7 per cent on the par value of the capital 
stock. For each reduction of 1 cent per 1000 cubic feet made 
to the consumer the company is allowed one-fifth of 1 per cent 
extra dividend. In other words, at 90-cent gas the company 
return is 7 per cent, whereas if it can sell gas at 85 cents, the 
. company is allowed an 8 per cent return. An itemized state- 
ment of the production, distribution and depreciation expense 
is required to be published annually. If the profit each year 
is over 7 per cent and no reduction is made to the consumer, 
1 per cent on the par value of the outstanding capital stock is 
set aside for contingencies or lean years. This surplus, or 
reserve fund, is never to exceed one-twentieth of the par value 
of the stock. In case the surplus earnings in any year exceed 
this 1 per cent (8 per cent on the capital stock) and the reserve 
fund is equal to one-twentieth of the par value of the stock 
and no reduction in the price of gas is made to the consumer, 
the surplus earnings are to be paid to the various munic- 
ipalities through which the company distributes gas, on the 
basis of the miles of mains installed in each community. 

As to the practical working of this scheme, gas originally 
sold at 90 cents, then at 85 cents, and is now selling at 80 cents, 
consequently the company is earning 9 per cent dividends. 
Thus, the company has a direct financial incentive in reducing 
operating expenses in every way and in providing the most 
efficient methods of gas production and distribution, since it 
shares directly with the public the profits of efficient manage- 
ment. Mr. Richards, president of the Boston Consolidated 
Gas Company, in a recently published article, “Said: Smalqeae 
well known that when the new interests secured control of the 
properties mentioned, various companies were looked upon 
with disfavor by the public, and realizing that fact, the present 
management has endeavored to conduct the business affairs of 
the corporations on a broad, liberal, business basis, believing 
that one of the most valuable assets that a public service cor- 
poration can have is the confidence of the public.” Mr. 
Richards quotes from a magazine article written by Mr. Louis 
D. Brandeis, who attained national prominence in the railroad 
rate hearing before the Interstate Commerce Commission by 
his statement as to what efficiency could accomplish in rail- 
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toad management: ‘Boston has reaped from the sliding scale 
system far more than cheaper gas and higher security values. 
It has been proved that a public service corporation may be 
managed with political honesty and yet successfully, and that 
its head may become a valuable public:servantac*4 tale Gas 
properties which, throughout the greater part of twenty years, 
had been the subject of financial and political scandals develop- 
ing ultimately bitter hostility on the part of the people, are now 
conducted in a manner so honorable as to deserve and secure 
the highest public commendation.” 


LIMITATIONS ON EXTENSIONS 


Many of the franchises contain limitations on the extensions 
which will be made from year to year. In St. Paul the electric 
light franchise for example, provides that the lines need not be 
extended to power customers having a demand of less than 
2 h.p. per day for each 100 ft. of underground conduit exten- 
sion, or each 300 ft. of overhead extension. Inthe Philadelphia 
gas agreeement, the extensions are likewise limited to the 
prospective business. Similarly, in the Chicago traction ordin- 
ance the construction of a definite number of miles per year 
was provided. In the Kansas City traction ordinance a mini- 
mum of four miles of track per year is provided with the added 
provision that any track which will pay 6 per cent on its cost 
over and above operating expenses shall in addition be con- 
structed and further, that any trackage constructed and paid 
for by property owners or other individuals becomes the prop- 
erty of the city and must be operated by the traction company. 


BUILDING OF EXTENSIONS BY PRIVATE ASSESSMENT 


One of the most fertile fields for cooperation is that of assist- 
ance in financing the unprofitable extensions (and as previously 
stated most extensions are unprofitable) and this not only when 
privately owned but when publicly owned as well. Generally, 
all extensions to municipally owned water plants are made out 
of earnings. This can only be possible when the rates to the 
consumer are too high, for if extensions were considered as a 
permanent investment and therefore made from funds bor- 
rowed instead of from earnings, the present rates could and 
should be reduced. Further, the building of extensions, whether 
to a water system, street railway system, electric light system 
or gas system, has a decided bearing on property values within 
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districts proposed to be served. The building of street railway 
extensions generally increases the price of outlying property 
from $3 to $10 per foot. Similarly, the value of property is 
increased when gas, water or electric light facilities are furnished. 
In cities where rapid transportation is found, rents are invari- 
ably higher than in sections of the city where such is not the case. 
In other words, extensions generally directly benefit the property 
owner and work to the disadvantage of the rate payer; and if 
municipal cooperation in public utility management is to exist 
in the fullest sense and equity is to be done to the three parties 
interested, 7.e., the operator, the municipality and the rate 
payer, some method should be devised whereby the cost of 
unprofitable extensions should be borne, partly at least by the 
property owner who derives the major benefit therefrom. 
Recognizing this general principle, Cleveland is proposing to 
build certain track extensions by assessing their cost against 
the abutting property; Philadelphia is proposing to embark 
on a rapid transit system costing many millions of dollars, and 
the property owners will pay for it in proportion to the benefits 
received. Several of the larger municipal water works systems 
are considering this manner of providing for the increasing cost 
of extending their system. A more genéral application of this 
theory would furnish a partial solution of the difficulties ex- 
perienced by most public utilities in attracting the funds with 
which to satisfy the ever increasing demand for service. 


Injustice or Divertinc Gross EARNINGS TO MUNICIPAL 
PURPOSES 


Another development regarding the relations between the 
city and the privately owned utility, which is constantly find- 
ing expression in the most unxpected sources, is the idea that 
it is unjust to pay any per cent of the gross earnings of a public 
utility into the municipal treasury. This was one of the pro- 
visions most frequently found in the early ordinances, and 
even in many of those passed within the last few years it has 
been rigidly insisted upon. It is now generally recognized that 
such a diversion is unfair to the consumer; that the portion of 
the company’s profits, which goesinto the municipality’s coffers 
and thus is used for the benefit of all of the inhabitants, has been 
realized only from those citizens using the particular service 
and should, therefore, be expended in perfecting and increasing 
service—not in reducing general taxes. “ Better service ’’ is the 
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present-day slogan, and so long as a considerable portion of the in- 
come of the operating company is diverted to municipal pur- 
poses, better service is handicapped to that extent. Forinstance, 
the city of Toronto now receives under an ordinance passed 
in 1891 about 20 per cent of the gross earnings of the traction 
company, which sum equals between $900,000 and $1,000,000 
per year and forms a very large proportion of the total munic- 
ipal receipts. Within the past few years, the city of Toronto 
has had numerous investigations and has tried in diverse ways 
to bring about a betterment of its street car service. The 
amount of money, however, which the city derives from the 
traction company is secured from giving improper service. 
At least 50 per cent of the total received by the city from this 
source goes to reduce the taxes of five large corporations in that 
city. On the other hand, the additional fixed charges on any 
of the solutions of Toronto’s traction problems, as worked 
out by various engineers, would annually cost not to exceed one- 
half the amount paid by the traction company to the city and 
diverted to uses foreign to its source, viz., the street railway 
business. 

In Chicago a fund of approximately $15,000,000 has been built 
up out of the city’s share of the traction earnings at the expense 
of the strap-hanger. The ordinance contemplated that this 
money should have been expended long since in subway con- 
struction and thus reduce the down-town congestion, but for 
reasons beyond control it has not been done. 

In discussing, therefore, the future cooperation of the munic- 
ipality in private management, so far as may be practical, 
all profit from the corporation going to the municipality should 
be devoted towards improving the service of the corporation 
from which it is derived. 


Tue Kansas City PLan oF COOPERATION 

Of all the franchise contracts which have been passed within the 
last seven or eight years, perhaps the street railway ordinarice 
adopted July 7, 1914, in Kansas City, provides for municipal 
cooperation in more detail than any other. The manner in which 
the municipality will cooperate in the financial, corporate and 
detailed operation of the property as set out in the ordinance 
briefly is as follows: 

The value of the property is fixed. On said fixed value it is 
agreed that the company shall be entitled to a 6 per cent return 
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“if and when earned.’ The total agreed capital value is 
$30,000,000, of which $22,500,000 represents the depreciated 
value of the physical property only. 

It is further agreed that before the company participates to 
any extent in the earnings over and above the fixed return of 
6 per cent, all excess earnings shall be put back into the property 
until of the total value, $7,500,000 shall have been made good 
with physical property and capital account not increased thereby. 
At such time as this is accomplished, the company and the city 
will divide the surplus earnings over and above the 6 per cent 
return in the proportion of $2 to the city and $1 to the company. 

The city is to receive certificates of ownership for the values 
made good out of earnings and the contract also provides that 
should the city devote its portion of the surplus towards the 
purchase of the property, then when one-half of the capital 
value has been paid down, the city will take over the ownership 
of the entire system, subject to a mortgage indebtedness of 
the other half. 

That all these various interests of the city may be properly 
safeguarded, the contract contains the following general part- 
nership provisions: 

1. The company is to be incorporated with eleven directors, 
five of whom are to be nominated by the city. 

2. Those features pertaining to the detailed operation of 
the road are delegated to a Board of Control, consisting of two 
members, one appointed by the company and one by the city, 
each of equal authority, and in case of dispute, provision is made 
for the selection of an arbitrator. 

3. Whatever mortgages are placed upon the property must 
be drawn up in a manner satisfactory to the city counselor and 
approved by him in writing. 

4. An independent audit shall be made annually by the city 
comptroller of all books, vouchers and expenditures of the 
company. . 
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' Discussion on ‘‘MunrIcIpPAL COOPERATION IN Pusiic Uttiity 
MANAGEMENT” (KEaty), Sr. Louis, Mo., Ocr. 19, 1915. 


Charles A. Hobein: I think probably the chief cooperation 
of the municipalities in public utility management has been 
in the operation of electric railways. Particularly, the cities 
seem to have taken more of a part in the detail work of the 
railways rather than in the electric light or gas business. Of 
course, I am not speaking of the water systems which are 
largely municipally owned. 

In connection with municipal cooperation in utility man- 
agement there is a rather interesting situation which has de- 
veloped in Los Angeles, where the City of Los Angeles -has 
built a large aqueduct and there are several power sites along 
the aqueduct, one of which is being developed by the city. 
The city has taken occasion to say that it will either construct 
its own lines or buy out the distributing system of the Southern 
California Edison Company, which is one of the big companies 
supplying electric light and power in that locality—one of 
the three companies engaged in the business. Just how that 
situation is going to work out it is pretty hard to tell, but the 
California Railroad Commission is appraising the property 
of the Southern California Edison Company in the City of 
Los Angeles for the purpose of the city taking the property 
over’ by condemnation proceedings. 

In talking to some of the men located in Los Angeles, who 
are connected with the public service corporations there, I 
understand the value which will probably be fixed will be 
much larger than the city authorities originally contemplated, 
for if the Southern California Edison Company should lose 
the load which it now has in Los Angeles, part of its hydro- 
electric plants throughout the state would be idle. There 
would be that loss of revenue, and the value of that portion 
of their plant which would be idle for a number of years has 
to be taken into account. There is a possibility in Los Angeles, 
in the final settlement, that the city ultimately will not pur- 
chase the property, but under some sort of contract arrange- 
ment might bill the consumers. The consumer owing the 
city for the power, and the city making out the bills and send- 
ing them to the consumers; and then have some other sort of 
an arrangement with the electric company for a division of 
the earnings; or some arrangement for municipal cooperation 
in the electric light and power business, which would more 
closely approximate some of the working relations now in 
force as far as the traction properties in other parts of the 
country are concerned. In Los Angeles there is a good deal 
of competition in the power business—three companies opera- 
ting, but there is no competition as far as the rates are con- 
cerned, just a question of service. One of the competing 
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companies said it would rather have the city as a competitor 
than its present competitor, the Southern California Edison 
Company, the chief reason, of course, being that in a muni- 
cipally operated plant the initiative is lacking. 

M. G. Lloyd: I think it is very valuable to have a study 
of this kind made of the relations between the utilities and the 
city government. We have need of more cooperation than we 
have had. Often in the relations between the utilities and the 
government it has been a case of fighting rather than trying 
to cooperate. 

It is advisable to have the methods of possible coopera- 
tion studied and put before us, and especially before engineers. 
They are the ones who ought to give more study to these 
questions, that in their nature are largely economic and political 
problems. If the thing is properly put before the city author- 
ities and it is pointed out how the city and the utilities can 
work together, they will be more likely to see the way clear 
to make a really equitable adjustment. 

I am very glad to see the point brought out, regarding the 

relation of real estate values to public utility development. 
That is a thing which is very often overlooked, and I think 
has had very little attention from engineers. It is undoubtedly 
true that the extension of the utilities service always results 
in an increase in the land values in the neighborhood affected. 
A computation regarding the New York municipal subway 
has shown that the values which are added to the lands ad- 
jacent to the subway, caused by the subway, are sufficient to 
pay the entire cost of the subway. Now, if these benefits 
were actually assessed upon the property directly benefited, 
if the people interested were compelled to pay for what they 
get, it would not be necessary to take municipal funds as 
is actually being done, to construct a utility of that kind. If 
that were done more generally, as was suggested, it would re- 
sult in a much more rapid development of our utilities. 
* The question arises in that connection as to how justifiable 
is the statement made previously in regard to the extension 
of utility service, especially the railways, preventing the con- 
gestion and poor-housing conditions in the central parts of the 
city; that is to say, to what extent are the additional facilities 
created neutralized by the increased values given to the land, 
and the consequent increase in rents in the district to which 
their service is extended? 

Mr. Kealy mentioned the Boston gas ordinance. It seems 
to me that the Boston idea is a very fair one to both the public 
and the utility. With the extension of state regulation there 
is probably going to be less settling of these questions in the 
franchise, and more of it will be done by the state commission. 
At the present time I think there are very few of the states 
whose regulatory laws permit adjustments of that kind, or at 
least which have specifically provided for them. In the Pen- 
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sylvania Utility Act and in that of Idaho, however, specific 
provision is made forthat very thing—the commission is em- 
powered to recognize in fixing rates the efficiency of manage- 
ment of the utility. That seems to be a very wise provision, 
and I think those of us who have any influence in framing the 
regulatory acts that may be passed in the future, in the states 
which have no such acts at present, should use our influence 
to have such provisions included in those utility laws. 

L. B. Cherry: Regarding the assessing of abutting prop- 
erty to help pay the cost of extensions—is it not a fact that the 
extension benefits the whole town or the city to a greater or 
less extent. Why would it not be a good thing to arrange 
that the general tax list of the whole city shall pay a small 
percentage of the expense of extension and the adjoining prop- 
erty or the benefited zone the balance. 

N .W. Storer: That is the rule on which the street pave- 
ment is handled, I believe—the abutting property must carry 
a portion of the cost and the city the balance. 

Philip J. Kealy: Mr. Hobein has touched on the southern 
California situation, stating that a private company did not fear 
municipal competition nearly so much as it did that of the 
privately owned competition. This is a fallacy, for a muni- 
cipally owned company can sell service at practically any price 
and make a seeming profit. The majority of the municipally 
owned lighting companies are selling their product below cost 
and the deficit in operating expense is frequently made up 
by bond issues. Of course, this results in a wonderful book 
profit. It is really surprising how many bond issues are voted 
for municipal electric light plants, out of the proceeds of which 
are paid at least a portion of the operating expenses. 

As to the point made by Dr. Lloyd about congestion in 
some of the cities, perhaps the best illustration in this country 
is that of the city of Toronto, Ontario. Toronto has a very 
cheap street railway fare in one sense of the word. Eight tickets 
for a quarter are sold, good during the morning and evening 
rush hours, six tickets for a quarter during the balance of the 
day. School children’s rates are ten tickets for a quarter six 
days a week and the cash fare is five cents. Toronto has de- 
veloped very rapidly during the past twenty years and has 
perhaps the most intensified development of any city of North 
America, excepting only New York, i.e., more inhabitants 
per acre. The reason is largely due to the fact that the trac- 
tion ordinance under which the company operates provided 
that the service should be furnished at the rates just quoted 
within the city limits. This ordinance was passed and ac- 
cepted by the company in 1891. After the annexation of 
certain territory to the city in about 1895 or 1896, a car line 
extension was petitioned for, which was refused by the com- 
pany. Without going through a history of the litigation, 
the matter was eventually decided by the Privy Council of 
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England, which construed the ordinance provisions to mean 
that the company need give cheaper fares only within the 
city limits as of 1891. As a result, the fares just named apply 
at this time to approximately one-third of the area of Toronto, 
the balance of the territory being served by what are known 
as radial lines, upon which an additional fare is charged. It 
has been found that the great mass of the people will not re- 
side in the double fare zone, thus explaining the great density 
of population in that comparatively young city. 

Glasgow, Scotland, which operates a municipal system, has, 
like most continental cities, a zone system of fares and it has 
not been many years since that city spent many millions of 
dollars in an attempt to abolish what are generally recognized 
as the worst slum conditions in Europe. 

It is also a striking coincidence that such of those United 
States cities as have reduced fares, for example, Milwaukee, 
Cleveland and Columbus, are those in which the density of 
population is comparatively large. There is found a small 
city trackage and necessarily a smaller investment is required 
to serve. 

Mr. Cherry’s question, as I understand it, is that the bene- 
fited area should be divided into two parts, the territory 
immediately adjacent to the extension and the balance of the 
city, and that the territory most immediately benefited should 
bear the major part of the cost and the city at large bear the 
other portion of the cost. I can see no difficulties as to the 
enactment of such a law or for a law enforcing such a theory. 
In fact, that is a theory on which most large public improve- 
ments are quite frequently carried out, the city through a 
bond issue bearing a portion of the expense, and the balance 
(generally the major part) being paid for by the benefit district 
in which the improvement is to be carried out. 

L. B. Cherry: The added value would be taxes and would 
go into the city treasury and in that way benefit the city in 
addition to the whole population having an opportunity of 
getting additional transportation by that improved system of 
extended lines. 

P. J. Kealy: That is undoubtedly the case. In Kansas 
City, when our new ordinance was under discussion the objec- 
tion was made that it would curtail the city funds, since certain 
revenues paid to the city would no longer so continue. In 
rebuttal of such objection, it was proved that the building of 
some twenty-five miles of extensions required by the ordi- 
nance, would enhance property values and the additional amount 
of taxes which would be realized, because of the additional 
value so created, would practically offset the direct contribu- 
tion formerly made by the traction company to the city treas- 
ury. 
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RECENT RESULTS OBTAINED FROM THE PRESERVA- 
TIVE TREATMENT OF TELEPHONE POLES 


BY F. L. RHODES AND R. F. HOSFORD 


ABSTRACT OF PAPER 


The results of an experience with treated poles over a period 
of 18 years have been analyzed. Data are given for poles treated 
by pressure, open tank, and brush methods. The relation of 
these methods of treatment to the conditions which have deter- 
mined the choice of pole timbers in the United States is outlined. 
The experience with brush treatments has reached a more ad- 
vanced stage than that with the other types of treatment and is 
consequently discussed in greater detail. Rates of decay, in- 
crease in life by treatment, the effect of seasoning, and the charac- 
teristics of the damage to poles caused by decay and by insects, 
are all covered. 


INTRODUCTION : 

HIS PAPER sets forth results that have been reached in 
the plant of the American Telephone and Telegraph 
Company and associated companies through the use of dis- 
tillates of coal tar or of wood tar for the preservative treatment 
of wooden poles. The experience reported covers several 
typical processes for applying the preservative, which will serve 
to show the varied possibilities attainable through the choice 

of methods for applying the class of materials studied. 

The methods employed for studying these typical processes 
have consisted mainly in the installation of experimental series 
of poles* to form parts of lines used for regular service. After 
exposure of these experimental groups of poles for a time suffi- 
cient to allow of the beginning of changes in their condition, they 
have been subjected to regular and systematic inspections. 
Except in the case of the experiments with creosoted pine, it 
has been the practise to include, in each experimental series, 
untreated poles in sufficient number to afford a definite basis 
for conclusions as to the effects of the preservative methods. 
Untreated pine was known to yield such a short life under the 


*See Appendix A for bibliography of previous publications relating to 
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conditions to which creosoted pine poles were exposed that a 
comparative determination of its life would not possess any 
practical value. 

The bulk of the pole supply in this country has been drawn 
from three varieties of timber; two species of cedar and one 
of chestnut. All of these timbers show considerable resistance 
to decay when exposed in contact with soils. Being available 
in sizes suited for pole construction in much larger quantities 
than other species which also possess this desirable character- 
istic, the market supply for many years has consisted mainly 
of these three species. As many other species possess all of the 
other characteristics desirable in a pole timber (such as strength, 
available quantity, etc.) and as cedar and chestnut are not so 
distributed as to be locally available in all sections of this 
country, it is, of course, often desired to know what can be done 
with species grown in the immediate neighborhood of lines to 
be built. 

Southern pine is a timber available in large quantities in regions 
at a considerable distance from supplies of cedar or chestnut. 
. In the territory to which it is native, it is neither durable in 
the ground nor-above it. It possesses, however, in good mea- 
sure, all of the other qualities desired in a poletimber. Timbers 
deficient in durability both in the ground and above it, require, 
necessarily, the application of preservative throughout their 
entire length. This requirement favors the use, for their treat- 
ment, of the cylinder pressure process. This process was one 
of the earliest of preservative processes to be established upon 
a commercial basis, and is today, the most prominent in the 
field with respect to number of plants and volume of business. 
Historically, the longest experience which we have to report 
was obtained with Southern pine treated by this process. The 
results obtained with these Southern pine poles, impregnated 
with creosote by the cylinder pressure process, will serve to 
illustrate the possibilities of what we shall hereafter refer to 
as whole length treatment. 

We have already referred to durability, when exposed in 
the ground, as an important characteristic for a pole timber. 
It is the general experience that the part of the pole which is 
placed in the ground is the least durable section, even in the 
case of species which are ranked as the most durable pole tim- 
bers. In most soils, the section of the pole lying between a. 
plane a few inches above and a plane one to two feet below 
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the surface of the ground, which we shall hereafter term the 
ground line section, is found to suffer much more from decay 
than any other part of the pole. In a few soils, this region of 
maximum decay extends to greater depths in the ground; 
occasionally even to the butt end of the pole. An observation 
of the condition of the ground line section can, however, be 
depended upon, in the case of timbers of the relatively durable 
class, to show the deterioration of a pole due to decay, except 
as defects were originally present in other sections of the pole. 

The first work devoted to retarding deterioration in the 
ground line section of poles made from durable species of timber 
consisted in applying preservative to the surface of this section 
with a brush. This process has been generally known as the ~ 
brush treatment and it is fortunate that this name was early 
applied to it, as both its technique and its aims are different 
from those of the ordinary processes of painting. The brush 
treatment is an inexpensive process and requires no plant and 
but few tools for its application. Although the slight penetra- 
tion of the preservative attainable by this process has always 
been recognized as limiting its effect in retarding decay when 
compared with processes forcing the preservative to enter deeply 
into the wood, its other characteristics have made it the most 
widely used of all pole treating processes. Three experimental 
series of poles located respectively in Georgia, northern New 
York, and Nebraska, will furnish data relating to this process. 

The comparatively small gain in life anticipated from the 
brush treatment led, at the time when the experiments which 
we are to describe were begun, to the inclusion of poles treated 
by the open tank process. This process, while then new in its 
application to poles, had long been employed in some of its 
varied forms for treating other timber products. It has never 
been extensively employed for whole length treatment but 
possesses considerable advantages for part length treatments. 
When applied to the butt sections of cedar and chestnut poles 
it can be made to give a much greater penetration than the 
brush treatment. As penetration is generally agreed to be, 
to some extent, a measure of preservative efficiency, it was ex- 
pected that the open tank treatment would show a greater in- 
crease in life than the brush treatment. Two experimental 
series, located in Northern New York and Nebraska, are re- 
ported on for this treatment, and it will be seen that the ex- 
pectations of improvement over the brush treatment are being 
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WHOLE LENGTH TREATMENTS 

Washington-Norfolk Line. This pole line of the American 
Telephone and Telegraph Company, extending from Washing- 
ton, D.C., to Norfolk, Va., was built during the summer and fall 
of 1897. For some twenty miles south of Washington chest- 
nut poles were used; for the rest of the line creosoted pine poles 
and guy stubs to the number of 9975 were installed. Most 
of the poles were sawn to fixed dimensions, 9555 being of square 
and 13 of octagonal cross-section. ‘The remaining 407 pieces 
were natural round poles. 

These poles were specified to be impregnated by the cylinder 
pressure process with not less than twelve pounds of dead oil 
of coal tar per cubic foot of timber. The treating operations 
were carefullyand continuously inspected by company employees. 
Frequent tests were made of the dead oil of coal tar as the work 
of preparing these poles progressed.* 

Representative short sections of the line were inspected in 
1903, about 300 poles being examined. No appreciable im- 
pairment was found. In 1908, the first regular maintenance 
inspection of the line was made and 14 square and 3 round 
poles were removed on account of decay. The total removals 
for decay prior to 1908 amounted to 4 poles. On December 1, — 
1914, the number of poles removed for decay had risen to 39 
or about 0.4 per cent of the number originally installed. Table I: 
gives in summary all pole changes occurring in the creosoted 
section of the Washington-Norfolk line and their causes. 

In December 1914, the current condition of the creosoted poles 
was studied by making a thorough and detailed inspection of 
a little over 1600 poles. Sections of from 89 to 312 poles were 
chosen at different points throughout the line so as to secure 
representative data on its condition. Special care was taken 
to cover sections adjacent to previous removals for decay. 
The results of this inspection are set forth in Table II, where 
data relative to the soil conditions surrounding all poles in- 
spected are given, as well as the results specifically bearing upon 
poles found to show signs of decay. In Table III, the results 
of this inspection are combined with the records of prior ex- 
perience for the sections of line examined. 

It will be noticed from Table II that the cause of deteriora- 
tion for 36 of the 42 poles showing decay in the top section 
was the cutting off of the top. Signs that the top had been cut 


*See Appendix B—Analyses of preservatives—for details, 
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off were found on only 21 sound poles, so that cutting off the top 
after treatment caused deterioration on 62 per cent of the poles 
concerned. Decay in the top section has not as yet caused any 
great reduction in the strength of the poles as all show over 65 
per cent of their original strength. These results serve to em- 
phasize, however, the rule which is one of the axioms of good 
treating practise, viz., that all timber should be completely 
framed before treatment. 

It will be seen that comparisons of the soil data relating to 
moisture, altitude, and proximate composition give no indication 
that any variation in these characteristics is favorable to decay. 
Perhaps this is because only relatively few poles have as yet 
become unsound, since some apparent effects of soil differences 
will be noticed in the pole line next to be discussed. 

From the section of Table II summarizing the external ap- 
pearance of the poles examined, it will be seen that the bleached 
and the other lighter colored poles yield a percentage of decayed 
specimens considerably above the average for all poles inspected. 
Sixty per cent of the poles showing decay in the ground line 
section are “light ” or ‘“ well bleached ” as against twenty-three 
per cent of the sound poles. Fifty-seven per cent of the poles 
classed as ‘well bleached ” show signs of decay as against 1.5 
per cent of the poles contained in the “ dark ” group at the other 
end of the color scale. Poles showing decay at the top have 
been omitted from these comparisons, as their deterioration is 
almost entirely due to the cause already discussed. ‘The lighter 
colored poles are presumably those which. retain the lesser 
amounts of preservative, so that their predominance with re- 
spect to decay suggests that life will increase with the amount 
of preservative applied. 

Observations which it is not practicable to present in tabular 
form indicated that the predominant manner in which decay 
began in the poles of square cross-section consisted in an at- 
‘tack near the center of one side. The shaping of the poles ex- 
posed the heartwood in the central part of each side at the ground 
line section. Practically all the checking noticed was confined 
to this exposed heartwood. The combination of the tendency 
to check with the slighter penetration which can be obtained 
in heartwood would seem to account for the predominance of 
this form of decay. 

Montgomery-New Orleans Line. This pole line of the American 
Telephone and Telegraph Company, extending from Mont- 
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gomery, Ala., to New Orleans, La., was built in the summer and 
fall of 1899. From Montgomery to Hurricane, Ala., chestnut 
and juniper poles were installed. Between Hurricane and New 
Orleans creosoted round yellow pine poles were used in its 
construction, a total of 7644 pieces being placed. The nature 
of the country traversed made it necessary to install an un- 
usually large proportion of these inthe form of A , Hf and tripod 
fixtures. 

All poles were specified to be impregnated by the cylinder 
pressure process with not less than twelve pounds of dead oil’ 
of coal tar per cubic foot of timber. The treating operations 
were carefully and continously inspected by company employees. 
Frequent tests* were made of the dead oil of coal tar as the work 
of preparing these poles progressed. 

Representative sections of the line were inspected in 1906, 
some 2152 pieces being examined. Each pole, stub, brace or 
pile employed as part of a fixture was inspected as a separate 
piece as a considerable number of the different types of fixtures 
referred to above were encountered in the sections covered. 
The results of this inspection are summarized in Table IV. 

A second inspection of the line was made early in 1915. 
The detailed records of the 1906 inspection were not available 
so that a new choice of sections representative of the line had 
to be made. It is known that part of the poles examined were 
also examined in 1906 but it is not possible to compare their 
condition at the two periods. 

The pole changes occurring in the creosoted section of the 
Montgomery-New Orleans line, up to the time when the last 
inspection was begun, are set forth in Table V. The causes for 
the changes are also given in this table. It will be noticed that 
removals made on account of decay amounted to only 0.3 per 
cent of the poles installed, although it must be noted that some 
of the poles included in the group whose cause of removal is 
unknown were probably removed on account of decay. 

Table VI gives in summary the results obtained in the inspec- 
tion of 1915. Nine sections of line were examined in the 1915 
inspection. These sections were chosen so as to be representa- 
tive of the different types of country through which the line 
passes. The number of pieces included in a section ranged 
from 150 to 228. In Table VII the results of the 1915 inspection 
are combined with the records of prior experience for the sec- 


~*See Appendix B—Analysis of Preservatives. 
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tions of line examined. It will be noticed that the data indicate 
that in 1906, seven years after the line was built, about one per 
cent of the poles had deteriorated to an extent calling for re- 
construction. In 1915, about 154 years after the line was 
completed, the number of poles which had reached a point re- 
quiring reconstruction was probably about 5 per cent of the 
number installed. A little over 7 per cent of the poles showed 
signs of deterioration in 1906, while in 1915, the percentage 
showing signs of deterioration had risen to 33. 

It will be seen from comparisons of the soil data relating to 
moisture, altitude, and proximate composition, that the surround- 
ings of the poles had some influence upon the beginning of decay. 
The proportion of decayed poles located in soils classed as dry 
is above the average. The difference in altitude along the route 
followed by this line is not great but it will be noticed that the 
locations classed as high had more than the normal proportion 
of decayed poles. Corresponding to these two indications it 
will be found from the data relating to soil composition that 
the lowest proportion of decayed poles was located in muck, 
which would necessarily be found in low, moist situations, where- 
as clay and loam, which would be found mainly in the higher 
and drier locations, show more than average percentages of de- 
cayed poles. 

From the section of Table VI, summarizing the external ap- 
pearance of the poles, it will be seen that the bleached and 
other lighter colored poles yield a percentage of decayed speci- 
mens considerably above the average for all poles inspected. 
For example, 57 per cent of the poles classified as “‘ well bleached” 
were found to be decayed, as against 13 per cent of the poles 
classed. as,“ datk,”” 

The condition of the pole with respect to adhering tar also 
was found to offer distinctions in resistance to decay. Fifty-six 
per cent of the poles showing no tar were decayed, as against 
30 per cent decayed among poles showing streaks of tar near 
the ground line, and 18 per cent decayed for poles streaked 
with tar throughout their length. 

The lighter colored poles, and the poles carrying little or no 
tar, are presumably those which originally contained less than 
the average amount of preservative so that their greater tendency 
to decay reinforces the conclusion that life will increase with 
the amount of preservative applied. 

The cause for the entrance of decay was recorded in the case 
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of poles which had not deteriorated to an extent sufficient to 
render such a determination impossible. It will be seen from 
the data relating to this subject, summarized in Table VI, that 
“checks”? and “shakes ’’ were the only important causes for 
the entrance of decay noted. 

It will be noticed that insects were present in a con- 
siderable proportion of the decayed poles. White ants 
(termites) were found in 48 per cent of the poles injured by 
decay and in practically every case this insect contributed 
to the injury. Round headed borers were found in about 
10 per cent of the poles. These insects also are responsible 
for some injury to poles. The other insect forms reported 
do not seem to be responsible for any damage to the pole 
but probably entered the pole after decay had made cavities 
in the wood. Whether the white ants and the round headed 
borers produced the initial injury to the pole structure in any 
case was not determinable. Large checks were noted in 5 per 
cent of the sound poles and 30 per cent of the decayed poles. 
Forty per cent of the poles attacked by white ants contained 
large checks. This would suggest that the entrance of the white 
ants was to some extent aided by breaks in the external layers 
of impregnated wood but we have not as yet been able to reach 
any conclusive determination upon this point. 

Retention of Preservative by Poles. Evidence has already been 
brought out in discussing the results of inspections of creosoted 
pole lines indicating that the tendency of the creosoted pole to 
decay is dependent to some extent upon the quantity of preserva- 
tive which it contains. Creosoted poles have to be prepared in 
large batches. The amount of oil used for impregnating a 
cylinder charge is readily determinable but such a determina- 
tion affords no means for ascertaining whether all of the poles 
treated at the same time receive equal shares of the preservative. 
Measurements of penetration upon individual poles are of some 
assistance in bringing the minimum impregnation nearer to 
the average, but the variations in the thickness of the sapwood 
layer in the different trees interferes with a requirement for 
uniform depth of penetration. Since some control can be ex- 
ercised over the impregnation of the individual pole, and since 
there is some reason to believe that the presence of at least a 
minimum amount of preservative is needed for the prevention 
of decay, information bearing on the retention of the preserva- 
tive by poles in service possesses much practical interest. Changes 
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which the oil used for impregnating a pole undergoes during 
the period of service also have an important bearing upon the 
choice of preservatives. 

It has been found possible to extract dead oil of coal tar 
from treated timber without appreciable contamination from 
the resins and oily substances which may be present as normal 
constituents of the wood. Several of the creosoted poles in 
the two lines just discussed have been subjected to this extrac- 
tion process. The composition of the extract obtained has 
been studied in all cases and in some of the cases determinations 
have also been made of the amount of extract obtained from 
unit volumes of the timber. The results of this work are sum- 
marized in Table VIII. 

It will be seen that extractions .of preservative have been 
made both from the top and the butt sections of poles. The 
top of the pole is exposed to the action of sun, air, and rain. 
The action of gravity also tends to produce movement of the 
preservative towards the butt of the pole. The butt end of the 
pole, being surrounded by the soil, is much less subject to loss 
by evaporation, since the direct access of air to itis slight and 
heating through direct exposure to the sun is eliminated. 
Some evaporation can probably occur through porous soil and 
some through the vessels of the pole timber. The removal 
of any soluble constituents of the preservative is, of course, 
facilitated by the exposure of the butt to ground water. 

Examination of the table of analyses will show that the con- 
ditions to which the top of the pole is exposed cause a more 
rapid removal of the volatile constituents of the preservative 
than occurs in the butt section. Analytical data showing the 
composition of the oil with which a particular pole was im- 
pregnated are not available but the average results of all tests 
made on oil used for treating the poles in the Washington- 
Norfolk and the Mongtomery-New Orleans lines are given in 
Appendix “A.” It will be seen by comparing the average 
results with the individual data of Table 8 that the poles have 
suffered losses in the proportion of low boiling constituents. 

The data indicate that no appreciable loss by evaporation 
occurs in the case of constituents of the oil distilling above 
270 deg. cent. Such cases as pole No. 10,272 of the Mont- 
gomery-New Orleans line, which shows the least amount of 
preservative in the top section of the pole, with increasing 
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amounts as sections are examined nearer to the butt end of the 
pole, illustrate the effect of gravity in removing preservatives 
from the upper parts of the pole. This pole No. 10,272, it may 
be noted, was exposed in a warmer climate than the other poles 
reported upon and the minute percentages of low boiling con- 
stituents remaining in the sections above the ground line un- 
doubtedly are aconsequence of the temperatures to which it 
was exposed. The retarding effects exercised by envelopment 
with soil upon the evaporation of preservative are well illus- 
trated in the case of the section of this pole taken from below 
the ground line, which contained substantial amounts of oil 
boiling below 270 deg. cent. 

It will be noticed that the section of pole No. 5348 of the 
Washington-Norfolk line taken from just above the ground 
line shows a smaller quantity of preservative extracted than 
was obtained from the top section. This pole was removed on 
account of decay which had entered at’ one side in the ground 
line section and had destroyed practically all of the untreated 
central portions of the pole when it was removed from service, 
The decayed section had a sound treated shell near the point 
where decay entered which was much thinner than the shell 
on the opposite side of the pole. It seems probable that this 
ground line section was deficient in impregnation and that the 
irregularities noticed in the analytical results are a consequence 
of this deficiency. 

As indicatedin Table VIII, the first poles subjected to extraction 
were removed from the line in 1906. These pole samples were 
divided among several laboratories. Dr. Von Schrenk* pub- 
lished the results of his work upon these samples in the follow- 
ing year. The results obtained with these poles, together with 
other work of a similar nature brought out at the same time. 
have since exercised a strong influence upon developments re- 
lating to the choice of preservatives. 


Butt TREATMENTS 


The investigations relating to butt treated poles which we 
shall describe, have been carried on in cooperation with the 
United States Forest Service. The numerous publications re- 
lating to this work listed in Appendix A illustrate the great care 
and attention which the Forest Service has given to these pro- 
jects. The development of the open tank treatment for poles 


*See Appendix A—Bibliography—for reference, 
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is probably the most prominent contribution from the Forest 
Service, but the preparation of all poles for the experiments 
was also carried on by its representatives and the attention which 
was given to details in this work has been found to be of the 
greatest value. 

The Brush Treatment. The first use of the brush treatment 
in telephone construction and, so far as our information goes, 
the first application to poles, was made by the Colorado Tele- 
phone Company. In June, 1899, a 30-ft. Michigan cedar pole 
line was built between Denver and Boulder. Four hundred 
and twenty of the poles used in this line were treated with 
carbolineum; the oil being heated to temperatures of from 
120 deg. to 150 deg. fahr., and applied to the butts of the poles 
with a wide brush. With the treated poles, an approximately 
equal number of untreated poles was installed, each of these 
two classes being set alternately in groups of five. 

The country through which this line passes is rough; the 
soil is composed of “‘ gumbo,” black clay, rock and sand; part 
of the line is located in swampy ground. In August, 1903, an 
inspection was made of representative sections of the line. 
It was found that the poles which had been treated were sound, 
while the poles which had not been treated were found to have 
decayed to a depth of from 4 of an inch to 14 inches. Sub- 
sequent inspections made of this line have confirmed the con- 
clusion, drawn after the first inspection, to the effect that the 
brush treatment was successful in preserving the poles. Ex- 
perience with other lines, built shortly after, upon which the 
brush treatment was used, developed the very important con- 
clusion that success with the brush treatment could only be 
expected when it was applied to seasoned poles. 

In applying a brush treatment, that part of the surface of 
the pole which it is desired to protect by the preservative should 
first be thoroughly cleaned. All dirt, adhering inner bark, soft 
or decayed timber, etc., should be cleared away. The pole 
should be seasoned before it is attempted to apply the treat- - 
ment and the surface which it is desired to treat should be dry. 
The preservative is applied to the cleaned surface by means of 
a brush, preferably one with a long handle. The application 
is most conveniently carried out when the pole is placed so that 
it can be rotated while the preservative is applied to the upper 
segments of its surface. The pole is turned until the entire 
surface has been coated. As the aim of the process is to im- 
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pregnate the timber, the surface which is being brushed should 
be kept flooded with the preservative and care should be taken 
to cause the preservative to enter all cracks, checks, knot holes, 
etc. The best results will be obtained by applying a second 
coat of preservative after the first coat has had time to work 
its way into the wood. Although some preservatives will give 
fair penetration when applied cold, the best results with any 
preservative are undoubtedly obtained when it is heated before 
application, preferably to from 150 deg. to 200 deg. fahr. 

The extent of the surface to which the treatment is applied 
can best be determined after consideration of the characteristics 
of the soils in which the treated pole may be placed. It does 
not seem to be necessary to carry the treatment from a point 
above the ground line all the way to the lower end of a pole 
except in cases where heavy decay takes place near the butts of 
untreated poles as well as in the ground line section. For the 
usual case of heavy decay concentrated at the ground line sec- 
tion, a treatment extending from one foot above the ground line 
to two feet below it should be sufficient. Most of the poles to 
be reported upon were treated from a point two feet above the 
butt of the pole to a point eight feet above the butt. The 
cedar poles locally treated in Nebraska and placed in the Omaha- 
Denver line were, however, only treated in the ground line sec- 
tion, 7.e., from about one foot above the ground line to about 
two feet below it. 

The Open Tank Treatment. When plans are being made for 
the experiments with poles whose results we are about to de- 
scribe, much thought was given to methods which could be used 
as an alternative to brush treatments. Several methods were 
given a preliminary trial but the only one which was found to be 
practicable was that to which the name of the open tank treat- 
ment has been given. Various timber parts had previously 
been treated by immersion in hot or cold preservative but the 
first application of this type of process for treating the butts 
of poles appears to have occurred in the case of these experiments. 

The process consisted in immersing the butt ends of the poles 
to be treated in the hot preservative and keeping them immersed 
until the bubbling, caused by air or water escaping from the 
pole, ceased. The hot oil was then allowed to cool and the 
vacuum created in the cells of the pole timber in the course of 
the heating assisted in drawing oil into the wood. In the earlier 
work with this process, 24 hours was occupied in dealing with a 
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charge of poles, the heat being kept up during the greater part 
of the working day. The oil was allowed to cool over night and 
the poles withdrawn from the bath the next morning. In the 
later work, particularly in the case of chestnut poles treated at 
Parkton, Md., the possibility of shortening the period of heating 
was studied and a considerable reduction in the total time te- 
quired for treatment attained. 

The open tank treatment causes a substantially greater 
penetration of the preservative into the wood than does the 
brush treatment. Measurements of penetration upon ‘‘ open 
tank ’’ poles show a range in depth of penetration from z of 
an inch to 4 of an inch or more, while penetration with the 
brush treatment may range from a little over 1 /16 of an inch 
to somewhat under ¢ of an inch. The open tank treatment 
uses much larger quantities of preservative per pole than the 
brush treatment, as will be seen from the data -assembled in 
the tables relating to poles handled under these two processes, 
This increase in the quantity of preservative absorbed is due 
to the greater depth of penetration and to the greater length 
of pole butt treated. 

Distribution and Location of Experimental Series. Three in- 
dependent series of poles have been installed in order to secure 
an experimental determination of the effect of butt treatments. 
The first series was located in the Savannah-Meldrim line of the 
Southern Bell Telephone and Telegraph Company. The in- 
stallation of the poles was completed in the summer of 1905. 
The experimental poles are located just west of Savannah in 
the relatively low land which reaches back from the seacoast 
border of the State of Georgia. This location was known to be 
one in which untreated poles decayed at a relatively rapid rate. 
It was selected with a view to obtaining a severe test of the ex- 
perimental treatments and with the hope that conclusive re- 
sults as to their efficiency could be obtained in a relatively short 
time. 

The second series of poles was installed in the late summer 
and fall of 1905 in the Buffalo-Warren line of the American 
Telephone and Telegraph Company. The experimental poles 
were placed in a section of this line lying between Gowanda, 
N.Y.,and Warren, Pa. About two-thirds of the poles are north 
and one-third south of Jamestown, N. Y. The experimental 
poles are located in a rolling country. The settings are well 
distributed between hill and valley surroundings. The hills 
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grow higher and more precipitous as the southern end of the 
section is approached. This location was chosen so as to give 
evidence as to the behavior of treated poles in the northern part 
of this country. It was not expected that deterioration would 
be as rapid as in the Savannah-Meldrim line and experience 
has justified this expectation. 

The third experimental series was placed in the Omaha- 
Denver line of the American Telephone and Telegraph Com- 
pany. Most of the experimental poles were located between 
Ashland and Lincoln, Neb., but one group of about 300 poles — 
was placed considerably west of this section near North Platte, 
Neb. The country in which this series is located is relatively 
level with moderate undulations, gradually rising in altitude 
towards the West. The line was built in 1910. Of the three 
lots of experimental poles placed, one had been prepared late 
in 1906 and-another early in 1907. As these poles had to be 
held for three years before a location could be secured, it was 
thought that changes might have occurred during the period 
of storage which would tend to increase their rate of deteriora- 
tion. Several hundred cedar poles were, therefore, brush treated 
under carefully observed conditions at the time the line was 
built and set in groups with untreated cedar poles so as to 
afford a check upon the behavior of the treated poles which 
had been kept in storage. 

Preservatives Used. The preservatives used in all brush and 
open tank treatments reported upon were distillates of either 
coal tar or wood tar. Six of the preservatives used were pro- 
prietary compounds sold commercially under trade names. 
These six preservatives have been given letter designations and 
will be referred to by these letters throughout this paper. 

The only other preservative used was dead oil of coal tar. 
As will be seen from the analyses of this material which we give, 
the dead oil used in the experimental work was a good repre- 
sentative of the product ordinarily obtainable for creosoting 
treatments in the market at the time the experiments were 
started. Since then a tendency has arisen for giving preference 
to dead oils containing less low-boiling constituents. In con- 
sequence of this change in opinion the dead oil which was used 
would today be regarded as a little below the standard grade. 

The six proprietary preservatives and the dead oil of coal 
tar were each used independently for brush treating experi- 
mental poles. Only dead oil of coal tar was used in preparing 
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the open tank treated poles. The much greater quantity of 
preservative needed for the open tank treatment makes the 
employment of a low-priced preservative desirable and the dead 
oil of coal tar was distinctly lower in price than any of the other 
preservatives experimented with. 

Analyses were made of all of the preservatives experimented 
with. These analyses have been collected and are given in 
detail in an appendix.* 

Experience with Coal Tar. In addition to the experiments 
outlined above, treatments with undistilled coal tar and un- 
distilled pine tar were also applied to a number of poles included 
in the Savannah-Meldrim and the Buffalo-Warren series. The 
tar was heated and applied to the pole by a brush just prior to 
setting. No appreciable penetration into the wood was obtained. 
The tar formed a substantial superficial coating which, in most 
cases, still appeared to be in good condition when the first in- 
spections of the experimental poles were made four to five years 
after their setting. It was found, however, that this superficial 
coating was ineffective in preventing decay so that the tar 
coated poles had deteriorated practically to the same extent 
as adjacent untreated poles. This experience indicates clearly 
the ineffectiveness of a tar coating from a preservative stand- 
point and no further reference to the tar coated poles reported 
upon in the tables of results will be made in the discussions to 
follow. 

Savannah-Meldrim Line. The experimental series placed in 
the Savannah-Meldrim line included approximately equal 
numbers of juniper (chamaecyparis thyoides) and of chestnut 
(castanea dentata) poles. The juniper poles were collected at 
Wilmington, N. C., for seasoning and treatment. The chest- 
nut poles were collected at Mt. Pisgah, N. C., for similar work. 

Brush treatment was the only method of preservation em- 
ployed in preparing the treated poles in this line. All of the 
brush treated poles had been seasoned prior to their treatment. 
Half of the poles included in the experimental series were un- 
treated and were set for the purpose of giving direct compari- 
sons with the treated poles. A little more than half of the 
untreated poles were seasoned; the remainder were green when 
set. 

Treated and untreated poles of the same species were placed 
alternately in the line. The exact order of setting is shown in 


*See Appendix B—Analyses of Preservatives. 


2566 RHODES AND HOSFORD: [Oct. 19 


detail in Table IX. The poles were classified so that the 
seasoned poles contained in each sub-series of 34, such as is 
shown in Table IX, had been subjected to seasoning for the 
same length of time. There were 12 sub-series of juniper poles 
and 12 sub-series of chestnut poles. 


TABLE IX. 
$e kb 
No. of Condition Method of 
pole when set Preservative applied treatment 
1 Seasoned Preservative ‘‘A"’ Brush 
2 Seasoned Untreated 
3 Seasoned Preservative ‘‘“A"” Brush 
4 Green P Untreated 
5 Seasoned Preservative ‘‘B"’ Brush 
6 Seasoned Untreated 
a Seasoned Preservative ‘“‘B"’ Brush 
8 Green Untreated 
9 Seasoned Preservative ‘‘C"’ Brush 
10 Seasoned Untreated 
vy Seasoned Preservative ‘‘C" Brush 
12 Green Untreated 
13 Seasoned Dead Oil of Coal Tar Brush 
14 Seasoned Untreated 
15 Seasoned Dead Oil of Coal Tar Brush 
16 Green Untreated 
17 Seasoned Dead Oil of Coal Tar Brush 
18 Seasoned Untreated 
19 Seasoned Dead Oil of Coal Tar Brush ; 
20 Green Untreated 
21 Seasoned Preservative ‘E" Brush 
22 Seasoned Untreated 
23 Seasoned Preservative ‘‘E" Brush 
24 ’ Green Untreated 
25 Seasoned Preservative ‘‘F"’ Brush 
26 Seasoned Untreated 
27 Seasoned Preservative ‘‘F"’ Brush 
28 Green Untreated 
29 Seasoned Coal-tar Brush 
30 Seasoned Untreated 
“31 Seasoned Coal-tar Brush 
32 Green Untreated 
33 Green Coal-tar Brush 
34 Seasoned Untreated 


Note: The above series was repeated 24 times, series No. 2 beginning with pole 
No. 35, series No. 3 with pole No. 69, etc. 


Several of the poles prepared for the experiment were injured 
in the course of transportation or setting. Several other poles 
to which it was intended to apply treatment failed to receive 
it on account of the supply of some of the preservatives running 
short. In consequence of this, it will be seen on examining Table 
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X, which gives the experimental data secured from the Savan- 
nah-Meldrim line, that ‘there were slight deviations from the 
arrangement indicated by Table IX. 

Four inspections have been made to determine the condition 
of the experimental poles in the Savannah-Meldrim line. The 
first inspection was made in May 1909, about four years after 
the poles had been placed. The second inspection was made 
in November 1910; the third inspection in February 1912; 
and the fourth inspection in November 1913. In inspecting 
poles the earth was dug away to expose the ground line section 
for a depth of nearly two feet. The condition of the section 
was then carefully determined. Poles which showed no signs 
of deterioration or decay were classified as ‘“sound.’”? As was 
to be expected, the application of this designation was practi- 
_ cally restricted to treated poles. Poles showing signs of de- 
terioration or decay were carefully examined to determine the 
extent of the change. All soft and decayed matter which would 
interfere with the determination of the ground line circum- 
ference of sound wood was removed and the circumference then 
measured. All “pockets” of decay, whether external or 
internal in location, were carefully explored and measured, so 
that a proper reduction factor could be applied to the measured 
ground line circumference in order to obtain the ground line 
circumference equivalent to the amount of sound wood re- 
maining in the pole. 

During the course of each inspection special attention was 
given to the condition of any poles showing substantial deteri- 
oration with a view to determining whether they had fallen 
below the standard established for the maintenance of the line- 
Careful record was kept of all poles which were found to have 
fallen below the standard of maintenance, and of the methods 
selected by the Southern Bell Telephone and Telegraph Company 
for the reconstruction of these poles, whether by resetting, re- 
inforcement or replacement. Record was also kept of any of 
the experimental poles undergoing reconstruction between in- 
spections and of the cause for the line change. Where recon- 
struction has occurred due to other causes than deterioration 
by decay allowance for the fact has been made in the sum- 
marizing of the data. 

Table X sets forth in summarized form the data relating 
to individual poles accumulated in these inspections. The 
table includes data relating to the seasoning and the treatment 
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of the poles and the results of each inspection with respect to 
soundness, changes in circumference of good wood, and recon- 
struction work. It will be seen that by the time of the first 
inspection four years after the date of setting, decay had set 
in in the case of practically all untreated poles but that only a 
moderate proportion of the treated poles had at that time been 
affected by decay. The percentage of treated poles remaining 
sound decreased with each subsequent inspection, so that at 
the time of the last inspection in 1913 about 20 per cent of the 
juniper poles and about 40 per cent of the chestnut poles were 
still free from decay. 

The changes in the circumference of sound wood are set 
forth in considerable detail. Where a large part of the poles 
which were subjected to any particular method of preservation 
are still sound, the average decrease in circumference for the 
group will necessarily be comparatively small because the divisor 
includes a large number of units which have not contributed to 
the decrease. Average changes in circumference for poles 
which showed decay are, therefore, given. Under the severe 
conditions of exposure which characterize this line, the decay 
of a pole which is at or near the end of its serviceable life, is 
liable to proceed rapidly. Because of this, it has been found 
desirable to give also the average decrease in circumference 
computed with the poles designated for reconstruction elim- 
inated from the divisor. The table also gives the average de- 
crease in circumference between inspections for poles show- 
ing decay at earlier inspections, and the maximum and mini- 
mum decrease in circumference recorded at each inspection, 
for the poles subjected to each particular treatment. 

The last group of data included in the table shows the number 
of units subjected to reconstruction on account of deterioration 
by decay up to the end of each inspection. The figures given 
here include not only the poles designated for reconstruction 
on account of the results of the inspection but also any poles 
which may have been reconstructed either directly on account 
of decay between inspections or which were decayed to such 
an extent at the previous inspection that their reconstruction 
for that cause after the following inspection was certain although 
the nominal cause of removal may not have been given as decay. 
It will be noticed that over 80 per cent of the untreated juniper 
poles had been reconstructed by 1913, as against about 30 per 
cent of the treated poles. About 30 per cent of the untreated, 
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17 74. ane 48. 6 26. 5 22. 0.08 | 0.76 | 2.3 4.6} 0.29] 1.5 | 3.1 5.9 0.08 | 0.76 | 1.7 3.2 | 0.29 | 1.5 2.3 | 4.3 6 1.9 12 1.4 14 | 3,3 3/8**| 1/4****) 6-3 /4* 1/4*** | 15-1/2*| 1/4** |20* 1/4* | O | 0 oO | 0 1 4 3 1s. 
16 67. 8 33. 8 33. 7 29. 0.19 | 0.83 | 2.9 .| 3.5]0.58/1.2 | 4.4 | 5.3 0.19 | 0.83 | 1.1 1.2 | 0.58 | 1.2 4:8 | 2:0 8 1.5 15) | 322 13 3.8 1-1 /2**| 1/8****| 8-1/2* 1/8** 25* 1/4* |17-1/2**| 1/2* Oo | 0 0 0 2 8 5 21. 
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[RHODES AND HOSFORD} 


TABGE-X1TI— . 
II—DATA ON THE EXPERIMENTAL CHESTNUT POLES IN BUFFALO-WARREN LINE. 
ee ee ce et ee RN te UA ee et Meme | OY 


Decrease in 


Poles sound at inspection Decrease in ground ground line Max. and min. decrease in 
in the year. line circumference circumference ground line circumference © 
pes Bete oil Period of —_— (inches) (inches) be- (inches) found at the 
Preservative No. of | No. of applied per pole Seasoning | 1910 1913 | tween manec- inspection in the year . 
applied for © coats ean 4 (mos) tioas for poles (*Shows number of poles.) 
preparation, if of pre- lunder Per cent | Per cent Average Average unsound at pre- 
untreated servative| obser- of No. of No. including omitting | ceding inspec- ——_ 
eiiniied iocec: —_——— |——————- | No. of] under |No. of] under sound poles | sound poles | tion 1910-1913 1910 1913 
poles | obser- | poles | obser-_§ ———— | ——————_______—— | —__—__ |____—_ 
Ave. | Max. | Min. | Max. | Min. vation vation No. of 


1910 | 1913 | 1910 | 1913 | poles | Ave. | Max. Min. Max. Min. 


memcervative ‘A’... .... 2 48 4.5 | 5-7/8] 2-1/2|29 he |) Ode 88. 28 58. 0.05 | 0.19 | 0.40 | 0.46 6 | 0.29 | 1* Lett alas Lise eee 
« AP = - ' B ° KK 
: : B oe 2 48 4.0 | 6-1/4] 3 25 15 39 21, 17 35. 0.06 | 0.37 | 0.30 | 0.58 9 | 0.60 3/4* |1/9**** [2-1/8* |1/8%* 
: i E Meee ees 2 20 5.5 | 6-3/8] 4~1/4|25-1/2| 22 17 85. 3 15. 0.08 | 0.42 | 0.54 | 0.49 3 | 0.46 3/4**|1/8* 1-3/8* |1/8%4* 
. Ss a ihe oe c 21 2.4 | 3-5/8] 1-3/4/21 16 1 5. 0 0. Or4o 154 Ouaa et 1A oy 1 -1.0'; 1 148 1/8* 3* 1/4* 
‘ Pe go 2 32 7.6 | 9-5/8] 5-1/2|25-1/2| 19 8 25. 0 0. O53 V1.8 0:70) 1.5 24 | 0.99 | 3-3/8* |1/8*****/5-3/4*  |1/2*** 
; pee, 1 16 | 3.4 | 4-1/4] 2-7/8]18 15 0 0. 0 0. OME | 49-1 .O964-1 129 16 | 0.97 |1-7/8* |1/8* 2-7 /R**#| 1-1 /4** 
| Dead po OL coal tar... ... 2 54 | 7.3 |11-3/4| 4-1/8|26 15 48 89. 30 56. 0.02 | 0.28 | 0.15 | 0.63 6 | 0.54 Let LOOT as tere 
| Dead oil, open tank, sea- 3: 
ME SAG Soo. ois ot 91 | 22.2 |44 9 26 22 91 100. 91 |. 100. 0.00 | 0.00 | 0.00 | 0.00 0 te i He A ¥ 
id oil, open tank, green, 28 14.7 |39 4 Re ae 28 100 Di 96 0200) | 0201 105,000.13 0 a = My 1/8* 1/8* 
brushed......... Sse: 1 48 e. ie Sis Fae 18 1 2. 0 0. 0.96 12.1 |-0.99 | 2.1 a7) 1.1 ee 1/4**** |5-7/8* |7/8* 
eated—seasoned...... S. 214 a ok cap prot 15 0 0. 0 0. 0.97 | 2.1 | 0.97] 2.1 | 214 | 1.1 | 2-5/8* |1/4*** |6-3/4* |3/8* 
tS See 194 = af 7 0 0 0 0 1.2 |2.3 |1.2 | 2.8 | 194 |1.1 | 3-1/2* |1/4** |6-1/2* -/7/8**** 
a ae 2 18 3-5 /8|34-1/2|26 17 94. 15 83. 0.01 | 0.08 | 0.13 | 0.46 1 | 0.13 | 1/8* 1|1/8* 7/8* 1/4** 
© 3! soy en 1 8 1-1/8|29 28 5 63. 0 0. 0727.) 9.5. | 0.62) 1565 3 11.5 | 1-5/8* |1/8%* |3-1/8* |7/8* 
- CRS hy . 2 18 4-1/2|34-1/2| 26 18 | 100. 16 89 0.00 | 0.05 | 0.00 | 0.44 0 of a, a 5/8* |1/4* 
« Eee ae ee 10 1-3/8]29 27 8 80 1 10 0.08 | 0.64 | 0.44 | 0.71 See 1/2* |3/8* 2* 1/4** 
« fn 2 29 3-1/4|34-1/2] 26 23 79. 15 52 0.04 | 0.40 | 0.17 | 0.83 6.1.0 1/2* |1/8*****|5-1/4* |1/8** 
“ Sue... 2 21 5-1/2|34-1/2| 26 12 39 1 3 0290-422. 0.45 | 1.2 19 | 0.94 | 2* 1/8*** |3-1/4%* |1/8*** 
oil of coal tar...... os 30 8.3 |10-7/8] 6-1/2]35 26 28 93. 25 83 0.01 | 0.05 | 0.13 | 0.27 2 | 0.06 1/8**|1 /8** 3/4* |1/8*%* 
eel 62 | 23.0 |44 g  |34-1/2| 26 | 62 | 100. 61 98. | 0.00] 0.01 |0.00}0.13| 0 1/8* |1/8* 
re oe _ 1 | 29. ee Lhe 05: 1 | 100. |0.00}0.00|0.00]0.00] o | .. a . - 2 
Benen Saal, green. 04 136 36-1/2| 26 1 t. 0 0. Toa ST eee ee Se MS. tae 1/8*  |9-1/2* |5/8* 
pated seasoned... .. 6 Bes 0 0. 0 0. 0.62 | 2.6 | 0.62] 2.6 6 | 2.0 | 1-1/2* |1/4* |4-3/4* |1-1/4* 
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and a little over 10 per cent of the treated chestnut poles have 
undergone reconstruction. 

Buffalo-Warren Line. The experimental seriés placed in the 
Buffalo-Warren line was made up wholly of chestnut poles. 
These poles had been prepared in two groups. One group was 
collected at Thorndale and Paoli, Pa.; the other at Dover and 
Mt. Arlington, NJ. 

The Thorndale-Paoli group consisted of equal numbers of 
treated and untreated poles. About one-third of the treated 
‘poles had been subjected to the open tank process. Four- 
fifths of the open tank poles had been seasoned prior to treat- 
ment; one-fifth were treated in the “ green’ “state. About 
two-thirds of the treated poles had been given a brush treat- 
ment; all of these poles had previously been seasoned. When 
this group was installed, treated and untreated poles were 
placed alternately in the line. The exact order of setting is 
shown in Table XI, which covers a sub-series of 34 poles. 
There were 24 such sub-series in the group. No attention was 
given to period of seasoning in arranging the poles for setting. 

The Dover-Mt. Arlington group consisted of about three- 
fifths treated and two-fifths untreated poles. A little less 
than one-third of the treated poles were prepared by the open 
tank process; all but one of these had been seasoned before 
treatment. The other treated poles had received a brush 
- treatment after seasoning. Nearly all of the untreated poles 
had been seasoned. These poles were not set in any regular 
order and were scattered in groups of irregular size among un- 
treated poles brought from other sources. 

Two inspections have been made to determine the condition 
of the experimental poles in the Buffalo-Warren line. The first 
was made in September, 1910, about five years after the line 
was built. The second inspection was made three years later, 
in September, 1913. The methods of inspection employed 
have already been described in connection with the Savannah- 
Meldrim line. 

Table XII sets forth in summarized form the data relating to 
individual poles accuniulated in these inspections. No poles 
have decayed to an extent necessitating reconstruction. The 
tables therefore show only the proportion of sound specimens 
noted and the magnitude of the circumference changes. Sum- 
marized data bearing on the seasoning and treatment of the 
poles are also included. 


* 
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It will be noticed that while decay had begun on practically 


all untreated poles when the first inspection was made, the 


decreases in circumference average much lower than in the 
Savannah-Meldrim line. The number of brush-treated poles 


TABLE XI. 
No. of Conditien Method of 
pole when set Preservative applied treatment 
1 Seasoned Preservative ‘‘A’’ ; Brush 
2 Seasoned Untreated 
3 Seasoned Preservative ‘‘ A ’’ Brush 
4 Green ¢ Untreated 
5 Seasoned Preservative '°B”’ Brush 
6 Seasoned Untreated 
7 Seasoned Preservative ‘‘B” 3 Brush 
8 Green Untreated 
9 Seasoned Dead Oil of Coal Tar Brush 
10 Seasoned , Untreated 
11 Seasoned Dead Oil of Coal Tar Brush 
12 Green Untreated 
13 Seasoned Dead Oil of Coal Tar Open-tank 
14 Seasoned Untreated 
15 Seasoned Dead Oil of Coal Tar Open-tank 
16 Green Untreated 
17 Seasoned Preservative ‘‘E” Brush 
18 Seasoned ; Untreated 
19 Seasoned Preservative ‘‘E"” Brush 
20 Green Untreated 
21 Seasoned Dead Oil of Coal Tar Open-tank 
22 Seasoned Untreated 
23 Seasoned Dead Oil of Coal Tar Open-tank 
24 Green Untreated 
25 Seasoned Preservative ‘‘F" Brush 
26 Seasoned Untreated 
27 Seasoned Preservative ‘‘F” Brush 
28 Green Untreated 
29 Seasoned Coal-tar Brush 
30 Seasoned Untreated 
31 Seasoned Coal-tar Brush 
32 Green : Untreated 
33 Green Dead Oil of Coal Tar Open-tank 
34 Seasoned Untreated 


N 


Note: The above series was repeated 24 times, series No. 2 beginning with pole No. 35, 
series No. 3 with pole No. 69, etc. 


remaining sound in 1913 is a little less than 50 per cent of the 
total number installed. Only slight changes in the condition 
of the open tank treated poles installed have been noted and only 
a little over one per cent of the poles show these. changes in 
condition. 
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Omaha-Denver Line. The plans for the service tests of butt 
treated poles included, in addition to the series placed in the 
two lines already described, two other experimental groups 
which were to be prepared independently. Four hundred and 
sixty-five Eastern white cedar (thuya occidentalis) poles were 
collected at Escanaba, Mich., and held for seasoning until the 
latter part of 1906. Approximately three-fifths of the poles 
were then treated, about one-third being subjected to the open 
tank treatment and the remaining two-thirds being about 
equally divided for brush treatment by two different preserva- 
tives. 

Five hundred and forty-two chestnut poles were at the same 
time being collected at Parkton, Md. After the process of 
seasoning had been studied with these poles one-third were 
given an open tank treatment and another third a brush treat- 
ment, two different preservatives being employed in this latter 
case. 

Both the Escanaba and the Parkton poles were finished at a 
time when an opportunity of placing an experimental group of 
poles consecutively in line could not easily be found. The two 
lots-of poles were held for three years awaiting a suitable occasion 
for their installation. When plans were completed for setting 
them in 1910 it was felt that the long period of holding might 
have produced changes affecting the efficiency of their preserva- 
tive treatments. As the plans for building the Omaha-Denver 
line of the American Telephone and Telegraph Company, in 
which these two experimental groups were to be used, called 
for the brush treatment of several thousand Eastern white 
cedar poles, the construction work was arranged so that the 
brush treatment of several hundred poles was carried out under 
observed conditions. Dead oil of coal tar was applied to about 
half of the poles thus treated and a high-boiling distillate of coal 
gas tar (preservative A ) was applied to the remainder. Un- 
treated poles were set aside in sufficient number to permit of 
setting one untreated pole for each two brush treated poles of 
this third experimental group. The poles included in this group 
had all been held in storage for a long time and were consequently 
well seasoned. 

The Parkton poles were set near the eastern end of the new 
construction. The Escanaba poles were placed next in the line 
and next to them about two-thirds of the experimental lot pre- 
pared at the time of building the line. No exact order was 
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followed in placing the Parkton and the Escanaba poles but a 
reasonably uniform distribution of the three types of treatment 
and of the untreated poles was attained. About half of the 
freshly treated poles were so installed as to give uniform series 
with each of the three methods of preparation grouped inde- 
pendently of the others. The other half of the poles were set 
so that an untreated pole alternated between each of the two 
types of brush treated poles. About 300 poles of the 1910 
experimental group were given a location some 200 miles west 
of the other experimental poles near North Platte, Neb. These 
poles were set so as to bring an untreated pole between each of 
the two kinds of brush treated pole. 

The installation of these experimental poles was completed 
in 1910. The first inspection to determine condition was made 
in 1914 after four years’ exposure. The results of this inspec- 
tion are given in Table XIII. 

It will be noticed that nearly all of the poles subjected to 
the open tank treatment show no change in condition. The 
brush treated poles show relatively much greater percentages 
affected by decay than was the case with corresponding treat- 
ments in either of the other two lines reported upon. The 
greater proportion ofdecay with the poles brush-treated with dead 
oil of coal tar included in the groups treated at Parkton and 
Escanaba probably has some connection with the relative - 
volatilities of dead oil of coal tar and of preservative A. The 
dead oil of coal tar contains a substantially. greater proportion 
of low boiling constituents than preservative A so that with 
the exposure of the treated poles to the sun and air for three 
years a considerable reduction in the amount of preservative 
retained by the pole may-well have occurred. A rather severe 
tendency to checking was also noticed which is particularly 
marked in the case of some of the chestnut poles from Parkton. 
Poles which have reached the limit of air seasoning still retain 
large percentages of moisture in their interior sections. It is 
possible that this internal moisture began to evaporate in the 
relatively dry climate of Nebraska and this evaporation may 
be the cause of the heavy checking. 

Better results in the way of preservation were obtained in 
the case of the poles treated when the line was built. Here 
there is very little distinction between the results obtained with 
the two kinds of preservative used. It is to be noted that the 
poles treated ‘had been held for rather long periods and were 
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very likely held beyond the time necessary for seasoning. As 
will be pointed out subsequently, holding for a period much 
longer than that needed to bring about seasoning is disadvanta- 
geous from the standpoint of obtaining the best results in the 
way of preservation. 

Another feature of interest brought out in the inspection of 
this line is the large proportion of chestnut poles in which bor- 
ing beetles (parandra brunnea) were found. It has not been 
possible to determine whether these insects entered the poles 
after their setting or whether they first entered some of the 
poles at a point of storage and distributed themselves along the 
line after setting. 

It will be noticed that the rate of decay, as indicated by 
the change in circumference, is relatively rapid. The average 
circumference change for treated poles showing decay would 
indicate that on many of these poles decay began not long after 
their setting. 

Discussion of Experience with Butt-Treated Poles. The 
choice of treated poles in preference to untreated poles for 
constructing a line must necessarily be based on some expecta- 
tion of an advantage to be gained. Ordinarily the advantage 
looked for would be longer life for the treated poles as compared 
with the untreated. A close determination of the gain in life 
due to treatment can only be secured when it is possible to com- 
pare the complete life history of a series of treated poles with 
that of a series of untreated poles exposed under comparative 
conditions. 

It will be seen that the experience which we have just de- 
scribed has not been long enough to give the complete life history 
of any of the experimental series. It has, however, been long 
enough to substantiate the expectation that butt treatments 
will increase the life of poles and to yield considerable informa- 
tion of value to any one contemplating the use of treated poles. 

The open tank treated poles show a negligible amount of 
impairment up to the date of the latest inspections. The super- 
iority of the results obtained with the open tank poles as com- 
pared with the brush treated poles placed in the same localities 
is evident. Since so little change in condition has occurred in 
the case of the open tank poles, it is, however, impossible to 
find a basis for formulating an opinion as to what may be ex- 
pected from these poles as the experiment continues. While, 
therefore, there is no question but that the best results in the 
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butt treatment experiments are to be credited to the open tank 
treated poles, the data obtained from the brush treated poles 
yield much more information relative to the limitations of that 
process, so that we shall find it necessary to confine further 
discussion to the brush treatment. 

A glance at the tables of results obtained with brush treat- 
ments in the different experimental series will show that the 
application of the treatment to poles has retarded the begin- 
ning of decay for a considerable number of years. A question 
immediately occurs, however, as to whether the rate of decay 
for treated poles may not be greater than for untreated poles 
so that the advantage due to this retardation of its incidence 
could ultimately be lost. 

Some answer to this question is afforded by the data which 
we have been able to gather. In the case of one experimental 
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group, the juniper poles placed in the Savannah-Meldrim line, 
all but a few of the untreated specimens had, at the date of the 
last inspection, in 1913, reached the end of their serviceable life. 
By far the greater part of the treated specimens were still in 
serviceable condition at the 1913 inspection, so that in this 
one case we have direct evidence that an increased life will 
result from the treatment. 

While substantial percentages of treated poles in all of the 
other experimental groups are still sound, decay on the corres- 
ponding untreated poles has not advanced so far as to have 
brought a majority of them to the end of their serviceable life. 
The data accumulated with respect to changes in the circum- 
ference of sound wood afford, however, an indication of what 
may be expected in the future from these experimental groups. 
To illustrate the application of the circumference data, Fig. 1 
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and Fig. 2 are submitted. In Fig. 1 the average decrease in 
circumference is plotted against years of exposure for seasoned 
untreated juniper poles and for juniper poles brush treated 
with preservative A and with dead oil of coal tar. As a divisor 
which includes sound poles and poles which are decaying is 
necessarily used in obtaining the average decrease in circumfer- 
ence for the brush treated poles, we show also a curve for the 
average decrease in circumference of poles on which decay 
has started, combining in this case the results obtained with 
preservatives A and B, and dead oil of coal tar, in order to in- 
clude enough poles to insure representative results. In order 
to bring the curves for untreated and treated poles close to- 
gether the scale for years of exposure of the treated poles has 
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been shifted. Fig. 2 gives similar curves for the chestnut poles 
in the Savannah-Meldrim line. It will be seen on comparison 
of these curves that up to date no indication has been given 
that decay will proceed more rapidly on treated poles, once it 
starts, than it does upon untreated poles. The indications are, 
therefore, that any gains due to the retardation of the begin- 
ning of decay through treatment, will be retained. 

Before concluding with this branch of the subject it seems 
worth while to describe an excellent illustration of the practical 
value of treated poles. The Savannah-Meldrim line was ex- 
posed to a severe wind storm in August 1911, which caused the 
breaking of twelve consecutively placed poles in the juniper 
section of the experimental series. Six of the twelve poles 
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were untreated. Four more had been treated with coal tar and, 
as already noted, poles receiving this treatment have decayed 
very much.as if they had received no treatment at all. All of 
these ten poles and one other pole which had been treated with 
preservative E had decayed to an extent requiring reconstruc- 
tion, but the work of reconstruction had not at the time been 
performed. The twelfth pole which had received a brush treat- 
ment with dead oil of coal tar, was only slightly above the re- 
placement dimensions for the line and was separated from the 
next treated pole, to which dead oil of coal tar had also been 
applied, by one of the untreated poles which fell. This last- 
mentioned pole treated with dead oil of coal tar was still sound 
and although unguyed and fully exposed to the force of the 
wind, stopped the break in its direction. In the other direction 
another brush treated pole which had suffered only slightly 
from decay also stopped the break, although it again was unguyed 
and exposed to the full force of the wind. 

Increase in Life. In the present state of our information only 
approximate estimates can be given of the effect of brush treat- 
ment in increasing the life of poles. When all of a given group 
of poles have completed their period of service the computation 
of their average life is simple. The same method of computa- 
tion can be applied when the number of poles in a group still 
left in service represents only a small percentage of the poles 
originally exposed as fairly large errors can be made in estima- 
ting the expectation of life for the poles still in service without 
causing any substantial deviation in the average life for the 
group. 

The only groups of poles in the several experimental series 
which have deteriorated to a point where this method of com- 
putation can safely be applied are the untreated seasoned and 
“green ’’ juniper poles in the Savannah-Meldrim line. The 
results of such a computation for these two groups of poles are 
shown in Table XIV, which indicates an average life of seven 
and two-tenths years for the seasoned untreated juniper poles 
placed in this line and an average life of seven and five-tenths 
years for the “ green ”’ untreated poles placed in this line. The 
conditions to which poles placed in this line are exposed were 
known to be unusually severe when the experiment was started 
and the location was chosen because of this. In spite of the 
very seyere conditions of exposure none of the other experi- 
mental groups in this line have deteriorated to a point where 
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we can find a basis for applying the same method of computa- 
tion to determine their life. 

One other method for estimating the gain in life due to treat- 
ment remains. It is based on the evidence illustrated in Fig. 1 
and Fig. 2, indicating that when decay starts in a treated pole 
it does not proceed at any higher rate than in an untreated 
pole. If the rate of decay for treated poles is not greater than 
it is for untreated poles the number of years elapsing before 
the treated poles begin to decay will yield an approximate in- 
dication of the gain in life; as, under average conditions, not 
many months should elapse after setting before untreated poles 
show at least some slight signs of decay. Computations of 


TABLE XIV. 


LIFE OF EXPERIMENTAL UNTREATED JUNIPER POLES IN THE SAVANNAH- 
MELDRIM LINE 


Green Seasoned 
Year Years 
of of 
inspection service No. of Total pole No. of Total pole 
poles years in poles years in 
replaced service replaced service 
1909 4 0 — il 4 
1910 5.5 28 154 38 209 
1912 7 23 161 28 196 
1913 8.5 24 204 22 187 
#1915 10.5 ily 178 13 136.5 
92 697 102 132.5 
| Average life 7.5 years 7.2 years 
*Es timated. 


the average years to the beginning of decay for several of the 
experimental groups are shown in Table XV. It will be seen 
from the table that in the case of some of the experimental 
groups so many poles were still sound when last inspected as 
to make the estimate of the time at which decay would begin 
exercise considerable influence upon the results of the com- 
putation. The figures may also be from six months to a year 
above the actual range of life which will be shown by the brush 
treated poles due to the lag in the starting of decay upon un- 
treated poles which has already been referred to. While these 
figures are only approximate it will be noticed that they in- 
dicate a greater addition to the life of poles through treatment 
for a northern location as compared with a southern location. 
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Method of Failure of Brush Treatments. In making inspec- 
tions of the treated poles special attention was given to de- 
termining the cause of the beginning of decay. In some cases 
decay had extended at the time of inspection to a point which 
made it impossible to reach a conclusion as to how it began. 
With only two or three exceptions, however, it has been found 
that the thin treated layer on the outside of the pole remained 


TABLE XV 


AVERAGE YEARS TO INITIATION OF DECAY FOR BRUSH-TREATED EX- 
PERIMENTAL POLES (OMITTING PRESERVATIVE “ F"’) 


(Computed for 100 poles on basis of percentages of sound poles) 
SAVANNAH-MELDRIM LINE 


Juniper poles Chestnut poles 


Average | ————__—_—_- S 
years Per Total Per Total 
sound cent years cent years 

Poles unsound in 1909 Pie a eof 63.5 25.6 51R5 
“ becoming unsound in 1909-1910 4.8 21.6 104. 18.6 89.0 
a s § “ 1910-1912 6.2 13.6 84.5 12.4 ili 
ts € s “ 1912-1913 7.8 15.4 120. 4.7 Sythe 
€ be « “ 1913-1915* 9.5 AlAs 168. 19.3 183.5 
« C ee 1915-1917* L125 — — 19.4 223.0 
540.0 —- 
661.0 
Average per pole— 5.4 years 6.6 years 
BUFFALO- WARREN LINE 
Average Total 
years Per cent years 
sound 
12 esmobarsjorby se aba IP LN Co ao td GpuGnondoroccn af oo 2.5 12.4 31 
“ becoming unsound in 1910-1913.............. 6.5 31.4 204 
G ia OS aL OPeoei Od Ge seterstalsyaistenctatoes 9.5 28.1 267 
C ( ee 916-19 LOM eet eter 12'.5 28.1 351 
Average per pole—! 8.5 years 853 
*Estimated. 


sound after decay began. Any parts of the treated layer which 
covered decay were usually removed in the course of the in- 
spection and the sound condition of the treated wood was 
readily checked by direct examination. Where a determina- 
tion as to the point at which decay began was possible it was 
generally found that the presence of a check, split or other 
opening in the treated layer afforded a path through which 
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the decay-producing organisms could gain access to the under- 
lying untreated timber. From this point of entrance decay 
would spread usually affecting a thin layer just underneath 
the treated wood for some distance on either side of the point 
of entrance. 

Fig. 3, which is an illustration of a brush-treated pole in the 
Buffalo-Warren line, shows excellently the usual conditions 
attending the starting of decay in brush-treated poles. This 
pole was sound when inspected in 1910 but on inspection in 
1913 decay was found extending over the light-colored section 
shown at the bottom of the illustration. This section mea- 
sured about six inches in width and the total depth of the cut 
was about one-quarter of an inch below the original external 
surface of the pole. The treated, layer on the surface was 
sound but showed on inspection that there was soft wood 
beneath. On cutting the treated layer the thin underlying 
layer of decayed wood was found and removed before the photo- 
graph was taken. It will be noticed that there is a check 
visible in the illustration which passes through the center of 
the decayed section. This probably afforded the means for 
decay producing organisms to enter the pole and it will be 
noted that the decay had progressed about equal distances in 
either direction around the pole from this check. 

The only other type of failure in brush-treated poles which 
has yet been noted was found in two or three specimens during 
the 1913 inspection of the Buffalo-Warren line. In the case 
of these few poles the external treated layer had turned soft 
and punky and could be easily scraped from the pole. The 
soft wood was collected from these poles and subjected to 
analysis. The same methods of extraction were used as had 
previously been applied to creosoted pine poles. It was found 
that about 5 per cent by weight of oily matter could be ex- 
tracted from the sample. This oily matter on analysis was 
found to be practically free from substances distilling below 
270 deg. cent. About half of the extract distilled between 
270 deg. cent. and 360 deg. cent., at which point the distilla- 
tion was stopped. The residue was found to bea viscous pitch. 
The extract was observed to be somewhat contaminated with 
substances derived from the wood. No definite conclusions 
can be drawn from this Single experience but the evidence 
gathered suggests that in this case most of the preservative had 
been removed from the timber before decay started. Decay 
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of this type, however, cannot, on the basis of the data thus far 
gathered, be regarded as a common cause of the failure of 
brush treated poles. 

Methods of Treatment. The application of preservative to 
the brush treated poles was generally made under similar con- 
ditions, as the principal object of the work was to determine 
the efficiency of a method which had already passed through a 
considerable development. It will be noticed on examining 
the tables, however, that several of the series of poles treated 
with particular preservatives were divided between one- and 
two-coat treatments; and that in the case of one preservative, 
dead oil of coal tar, three-coat treatments were also experl- 
mented with. 

The effect of a one-coat treatment is most clearly shown 
in Table XII covering the Buffalo-Warren line. In this table 
there are several cases where approximately equal numbers 
of poles were given one-coat and. two-coat treatments with the 
same preservative. In each case the superior results obtained 
with the two-coat treatment are obvious. In the Savannah- 
Meldrim line only a few poles were given one-coat treatments 
and this was done only because the stock of preservative ran 
short. Because of the small number of poles receiving the 
one-coat treatment, the effect of peculiar characteristics in an 
individual pole is much enhanced so that no definite conclusions 
can be based upon the results obtained in this line. 

The results of the experiments with three-coat treatments 
will be found in Table X, covering the Savannah-Meldrim line. 
No clear evidence of any advantage derived from applying the 
third coat is indicated. 

With one exception, all of the preservatives were heated be- 
fore application. Preservative C (see Table X, Savannah- 
Meldrim line) was applied cold to all except a few of the poles 
treated with it. The results obtained with the poles treated 
with cold preservative are only slightly inferior to the results 
obtained with the poles to which the hot preservative was 
applied. A somewhat greater amount of the preservative was 
absorbed when it was heated before application. 

Comparison of Preservatives Used. It will be noticed that none 
of the seven preservatives experimented with shows consistently 
superior results to the others. Some of the preservatives have 
given irregular results, showing up well with one group in an 
experimental series and poorly in another. Preservative A and 
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dead oil of coal tar give the most consistent results in the Savan- 
nah-Meldrim and the Buffalo-Warren experiments, where a 
number of other preservatives were employed. In the case of 
the Omaha-Denver line, where the other preservatives were not 
included in the experiment, the relation between the results 
obtained with these two preservatives is about what was to be 
expected from them in view of their previous record in the 
other lines. Except as a preservative contained a large propor- 
tion of constituents soluble in water, it would be expected to 
remain in the ground line section of poles for a number of years 
as the experience with creosoted pine poles indicates that pre- 
servative is lost by evaporation much more slowly from this 
part of the pole than from the upper sections. As the character- 
istic type of failure for brush-treated poles has been due to 
mechanical causes such as the opening of checks or the cutting 
of the treated layer, it would be expected that the differences 
between the results obtained with the different preservatives 
experimented with would not be great, and the summarized 
data accord fairly well with this expectation. : 

The Effect of Seasoning. At the time these experiments were 
started it was generally assumed that seasoning would produce 
a substantial increase in the life of poles. One thing aimed at 
in the experiments was to secure a direct demonstration of this 
generalization. It will be noticed, however, that in the case 
of the Savannah-Meldrim line appreciably better results are 
shown by the ‘‘ green ”’ poles and that in the case of the Buffalo- 
Warren line the seasoned poles show only a slight advantage 
over the ‘“‘ green’ poles. 

In considering these results it must be borné in mind that 
the conditions of the experiment made it necessary to collect 
poles each month over a period of about a year and to hold the 
poles first collected until it was certain that the poles last col- 
lected had been thoroughly seasoned. While the poles were 
skidded and other precautions were taken to keep them in good 
condition and free from decay, it will be seen that a part of 
the seasoned poles were held for a period considerably in excess 
of that normally required for seasoning. 

In the Savannah-Meldrim line, poles which received the 
same amount of stasoning were installed in the same sub-group 
and consequently in the same section of the line. In Fig. 4 
we have plotted the average decrease in circumference for each 
month’s group of seasoned juniper poles, and for comparison 
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with it we have plotted the decrease in circumference for the 
“green ’’ poles included in the same sub-group with each lot 
of seasoned poles, and therefore exposed to approximately the 
same conditions. The data are plotted only for the inspections 
of 1909 and 1910 as the removals subsequent to 1910 preclude 
the showing of comparative data. Fig. 5 is a corresponding 
plot for the chestnut poles in the Savannah-Meldrim line. 
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----Green Poles 
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Fic. 4—CoMPARISON OF RATE OF DECAY—SEASONED AND GREEN 
JUNIPER POLES 
Seasoned poles plotted by sub-groups according to duration of seasoning. Green poles 
plotted against seasoned poles in same sub-group. 


Fig. 4 shows a strong tendency to an increasing rate of decay 
for the longer periods of seasoning. In Fig. 5 this tendency is 
not so marked, although there is a slight trend towards a higher 
rate of decay as the period of seasoning increases. 

It was also found that the treated poles in this line which had 
begun to decay showed distinctly higher rates of decay in the 
case of poles subjected to the longer periods of seasoning. The 
indications are, therefore, that the superiority of ‘‘ green ’”’ 
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poles over seasoned poles in the Savannah-Meldrim experiment 
is, in part at least, due to the excessive duration of the period of 
seasoning. The conclusion to be drawn from this experience 
seems to be that seasoning affords at best only a slight increase 
in the life of poles and that the greatest advantage to be de- 
rived from seasoning is that the pole is brought into a condition 
suitable for receiving a butt treatment. 

Insect Damage to Poles. For many years insects have been 
found in decaying poles but it is only recently that systematic 
study of insect damage to poles has been attempted. The 
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study of this problem was proposed in 1910 by Dr. A. D. Hop- 
kins of the Bureau of Entomology, whose assistant, Mr. T. E. 
Snyder, had just completed the investigation of a case where 
a wood-boring beetle (parandra brunnea) had been found caus- 
ing serious injury to a pole line. The inspection of the experi- 
ments with butt treated poles was, at that time, just becoming 
active. Through the participation of Mr. Snyder in one of 
the early inspections, a foundation was laid for future work. 
through the training of the inspection force in methods for 
gathering data bearing on insect damage. Through following 
these methods, and with the assistance afforded by the Bureau 
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of Entomology in identifying specimens collected by inspectors, 
a valuable record of insect damage as affecting the experimental 
poles has been gathered. 

Substantial insect damage has come from two very different 
sources. Termites, or white ants as they are often referred to 
colloquially, have long been recognized as a source of injury 
to timber, particularly in the South, where the warm climate 
is favorable to their prevalence. The damage caused by the 
wood-boring larvae of beetles has only recently received re- 
cognition. Both of these classes of insect are fairly common 
causes of damage to pole timber, and data as to the effect upon 
their incidence of methods of preparing and treating poles are 
therefore worthy of attention. 


TABLE XVI. 
BUFFALO-WARREN LINE, DAMAGE TO POLES BY WOOD-BORING INSECTS 


No. poles 
No. No. damaged 
Method of No. poles No. poles by wood 
preparation Num- | _ poles dam- poles dam- borers 
applied to ber show- aged show- aged in 1910. 
poles poles ing by wood ing by wood] showing no 
ex- decay borers decay borers |Inew damage 
posed | to 1910/to 1910 | to 1913] to 1913 in 1913 
Green Untreated 200 200 8 200 16 
Seasoned “ 350 349 2 350 11 1 ! 
Coated with Tar 48 AT 1 48 2 - be 
Brush Treated— 
Preservative ‘‘F"’ 79 59 2 78 3 2 
Brush Treated— 
Preservative ‘A ’”’ 74 10 - 31 1 - 
Brush Treated— 
Preservative ‘‘B” 76 11 = 42 1 - 


The results of studies of wood-boring larvae (particularly 
parandra brunnea) have been published by Mr. Snyder.* 
Reference is made to his publications for details concerning 
their attack on poles. For our purposes it is sufficient to note 
that once entrance to a pole is obtained, the larvae bore deeply 
into the heart-wood and consequently where their number is 
large a complete honey combing of the pole cross-section soon 
results. Wood borers have been found both in the Omaha- 
Denver line and the Buffalo-Warren line. Data relative to their 
attack in the first named line are included in Table XIII. Data 
from the Buffalo-Warren line are summarized in Table XVI. 


*See Appendix A—Bibliography. 
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It will be noticed that in the Buffalo-Warren line the damage 
from wood-boring larvae has been almost wholly confined to 
the two untreated groups of poles. The two treated poles 
yielding evidence of damage in 1910 were members of the group 
showing the highest proportion of unsound poles. Of the three 
treated poles first showing signs of damage in 1913, two had 
been noted as unsound in the previous inspection. Larvae were 
found in eight poles in 1910. Two of the eight poles in which 
larvae were found in 1910 were free from signs of wood-boring 
larvae in 1913. In these two poles, the presence of only one 
or two larvae was reported in 1910. It seems probable that 
the cleaning applied to the poles in connection with the in- 
spection caused the removal of the few larvae then present. 

The data givenin Table XIII for the Omaha-Denver line re- 
present the results of the first inspection for condition. Large 
percentages of both treated and untreated poles were found to 
be attacked by wood-boring larvae. The percentage of brush- 
treated poles attacked to the total brush-treated poles installed 
is a little lower than the percentage of untreated poles attacked 
to untreated poles installed. The percentage of poles attacked 
to poles showing decay is, however, higher for the brush-treated 
poles than for the untreated poles. 

Experience with wood-boring larvae has not yet been exten- 
sive enough to establish definite conclusions as to methods 
qf inhibiting their attack. The indications are, however, that 
the beetles will not deposit eggs on poles unless they can find 
a soft or decayed spot, so that as long as a treatment remains 
effective it should be counted upon to prevent damage from 
wood-boring insects. 

The principal insect damage found upon the poles placed in 
the Savannah-Meldrim line was due to termites. A few cases 
of attack by termites were also noticed when the Omaha-Denver 
line was examined. Termites do not like direct sunlight and 
in attacking poles consequently begin to cut their galleries a 
little below the outer surface of the timber. A few cases have 
been noticed where outside galleries of cemented sand have 
been built across sections of the pole surface where for some 
reason the wood was not attacked. In a number of cases 
where a pole was badly infested by termites, small numbers 
and a slight attack were noticed at adjacent poles, suggesting 
that the large colony gathered about the heavily attacked pole. 
may have extended its Sphere of influence to neighboring poles. 


“ 
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No cases were noticed of termite attack upon the thin outside 
layer of brush-treated poles in which the preservative is located. 
The tendency of the insect to avoid the light, however, would 
result in leaving untouched a surface layer of wood of approxi- 
mately the thickness of the treated layer. In a number of 
cases termites were found in small decayed spots where the 
initial failure of a brush-treated pole had taken place. The 
relation of these spots to small checks and other openings in 
the treated layer has already been discussed. No direct evi- 
dence was obtainable as to whether the decay- producing organ- 
ism or the termites first entered such poles. 

The summarized results of the first two inspections of the 
Savannah-Meldrim line show that 38 per cent of the unsound 
treated poles bore evidence of the attack of termites, while 
37 per cent of the untreated poles gave evidence of such attack. 
Owing to the substantial reconstruction of untreated poles 
which followed the 1910 inspection this statistical comparison 
cannot be continued for the following years. The equality in 
the percentages of decayed untreated poles and decayed treated 
poles which were infested by termites suggests, however, that 
termites follow the decay. In support of this conclusion it 
is also to be noted that there were a number of cases where 
sound brush-treated poles were located between two untreated 
poles, both of which were badly infested by termites. The 
indications are, therefore, that treatment retards the attack 
of termites, and that the retardation is probably due to de- 
laying the beginning of decay. 

Some instances, however, of termites attacking treated wood 
were noticed in the inspection of the whole length treated pine 
poles in the Montgomery-New Orleans line. This attack 
came after the poles had been exposed to the action of the 
weather for many years and suggests that ultimately changes 
may occur in treated wood which permit termites to work upon 
it. With brush treatments, however, which give only light 
penetrations, the available information indicates that in the 
average case deterioration will set in much earlier than it does 
with the heavier treatments. The evidence just cited indicates 
that brush treatments-may have a direct effect in preventing 
the attack of termites. The heavier treatments would, of 
course, produce the same effect as the brush treatment, but 
may lose their power of inhibiting termite attack before the 
power to’ inhibit decay is gone. 
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CONCLUSION 

Because of the present incomplete stage of our experience 
with the different types of treatment described, conclusions can 
be reached for only a part of the problems whose solution was 
sought. The seasoning of poles offers at best only moderate 
advantages in the way of increased life. Its greatest value is 
as a preparation for the successful application of preservatives. 
The practise of applying to poles preservatives high in anti- 
septic power and insoluble in water has been shown to yield 
increased life. The amount of preservative applied and the 
depth to which it is made to penetrate appear to exercise con- 
trolling influences upon the results obtained. Mechanical 
failure of the treated layer is indicated as the principal limit 
to the effectiveness of light applications of preservatives. 

In closing we wish to acknowledge our indebtedness to Mr. 
E. B. Griffen, for his assistance in carrying out the work of 
inspection and analyzing the data obtained; and to Mr. CG. C. 
Fritz and Mr. H. D. Cutler, who have also assisted in obtain- 
ing the data on which our contribution is based. For careful 
attention to the analyses and other chemical work connected 
with the studies of treated poles we are indebted to Mr. G. O. 
Bassett and Mr. H. G. Walker. We also gratefully acknowledge 
our indebtedness to many past and present members of the 
Forest Service and to the representatives of the Bureau of 
Entomology who have taken part in the experiments with 
treated poles. 
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APPENDIX B 


ANALYSES OF PRESERVATIVES 


WHOLE LENGTH TREATMENTS 


Numerous analyses of dead oil of coal tar supplied for the whole 
length treatments were made in the case of both groups of poles under 
observation. As it is not possible to indicate any relation between 
the dead oil of coal tar covered by a specific analyses and any particular 
pole installed, only averages of all of the analyses made are given. 

Washington-Norfolk line. Twenty-eight analyses were made of the 
dead oil supplied for treating poles used in this line. The average of 
the results of these analyses is as follows: 
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Montgomery-New Orleans line. 


the dead oil supplied for treating poles used in this line. 


of the results of these analyses is as follows: 
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Thirty-eight analyses were made of 


The average 
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Butt TREATMENTS 


Most of the detailed analyses of the preservatives used for brush 
treatment were made on samples representing material applied to poles 


placed in the Savannah-Meldrim line. 


There is no reason for believ- 


ing, however, that the composition of the preservatives supplied for the 
Buffalo-Warren line differed appreciably from that of the analyzed 


samples. 
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PRESERVATIVE C 
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Series IT. 
1.031 
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DEAD OL oF CoAL TAR 


Series I. Series IT. 
Specific gravity at 88 deg. cent......... 1.035 1.035 
Distillates: 
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Buffalo-Warren line. ; 
Dead Oil of Coal Tar used in Butt Treatment Tanks, {Mt. Arlington, 
N.J. Sample represents oil in the tank during third run, June 17, 1905. 


Specific gravity at 38 deg, cent.. 8 ee oe 1.018 
Condition at.38.degucente 00a then ee Liquid 
FRACTIONATION 
Fraction No. 1 to 170 deg. cent..............05 0.09 per cent 
e “2 170 deg. cent.-205 deg. cent..... 1:00) Sb08 
& “3 205 deg. cent.-210 deg. cent..... LeUiOy Th Sx 
us “4 210 deg. cent.-235 deg. cent..... D499 wef OS 


5 235 deg. cent.-240 deg. cent..... COT, eae 
6 240 deg. cent.-270 deg. cent.....23.48 “ « 
‘ “ 7 270 deg. cent.—300 degiicent a 1 OO aes 
8 Residue above 300 deg. cent......19.78 « « 


Total per centza-2. 62. 1s eee 9960 Reem 
Loss ‘percent. 5.— oh a eay | ee een 0.400 ees 
Naphthalene sy toe e ete eee eee 36.18, & Bee 
Oil not distilling below 270 degacent se ee oll 3 eee 
Watertr tc... teagan ena None 
Tar acids. orice, alah ats aot oe tO” Guan ee eee a 


Omaha-Denver line. 
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DEAD O1L oF CoaL TAR USED FOR BRUSH TREATMENTS IN NEBRASKA 
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Discussion ON “ RECENT RESULTS OBTAINED FROM THE PRE- 
SERVATIVE TREATMENT OF TELEPHONE POLEs ”’ (RHODES 
AND HosFrorp), St. Louis, Mo., OcToBerR 19, 1915. 


Herman von Schrenk: Mr. Hosford brought out the import- 
ant factor about the changes which take place in poles after 
service and I note throughout the discussion, in the report and in 
the tables that the word decay is used. I judge from the de- 
scription which Mr. Hosford gave us just now that the word 
decay as he used it, refers not so much to the impregnated por- 
tions of the pole as to the parts which lie beneath those portions. 
The experience which we have had in other structures, notably in 
railroad trestles, with piling, etc., has been entirely in accord with 
the observations he gives here. I only recently had occasion to con- 
demn a railroad structure of creosoted piling, 180 feet long, after 
only four years of service, which showed marked decay, when, as a 
matter of fact those parts of the wood impregnated with the creo- 
soted oil were perfectly sound; but, just asin the case of the poles 
described as being subjected to brush treatment, the fungus spores 
had penetrated through the season checks and brought about 
decay underneath. What I want to know is, did Mr. Hosford 
in an examination of these poles find any of that decay in the 
impregnated sections of the wood—this question refers particu- 
larly to the butt or full cell process—in which the creosote had 
penetrated? : 

The second point I would like to call particular attention to is 
the conclusion I reached after reading this paper, emphasizing, 
first of all the high efficiency of the poles which were treated so 
they received the maximum impregnation, and in the second 
place, a maximum retention of the preservative. I was very 
much impressed at the last inspection I made of the German 
government telegraph and telephone lines, where the maximum 
amount of creosote was injected. The percentage of failures was 
very, very low, where that proceeding had been followed. The 
difference between the brush-treated poles and the so-called 
tank or full cell treated poles, as shown by these records, is 
vey striking; and I would like to have Mr. Hosford confirm the 
impression which I have obtained here, that judging by the 
results which they have secured so far, there is every indication 
that butt treated poles or full cell treated poles will give a very 
much higher probability of longer return on the investment 
than is the case with the brush-treated pole. 

The third point I would like to bring out—and I may perhaps 
be treading on dangerous ground in raising this point—is to 
ask Mr. Hosford whether there was any particular reason for 
initialing by letters the results of the so-called proprietary pre- 
servatives, in other words the trade-marked compounds. [I 
would personally like to know what “ A, B and C” stand for. 
The great trouble with these proprietary compounds is that they 
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come to us full of claims and with certificates from engineers 
all over the country, showing what beautiful results these sub- 
stances give. Instead of charging ten or twelve cents a gallon 
for high-grade coal tar, they want seventy-five or eighty cents 
a gallon. I should think it too bad, unless there is some par- 
ticular reason to the contrary, if these particular pieces of re- 
search could not be made available to all who are interested, 
with a clear statement of the preservatives and what they stand 
for. We are confronted at the present time with an agitation 
in Congress on this particular subject. I doubt not that many 
of you have received circulars calling for a “‘ Pure Food Timber 
Preservative Law” to be enacted by Congress. I have re- 
ceived copies of these circulars from engineers in various parts 
of the United States, including even to-day’s mail, asking what 
action they should take. One of these circulars was sent to me 
as chairman of a committee of the American Society for Testing 
Materials, asking that that organization should take some action. 
While that is a good thing for a proprietary compound, there 
are obvious reasons why coal tar should not be subject to that 
particular kind of restriction, and I ask Mr. Hosford if we could 
get him to divulge what these symbols stand for. 

The fourth point in my mind is, in making the chemical 
examination of the poles, was any attention given to the difference 
between the oil on the outside of the pole, near the ground 
line, and that further towards the middle of the pole? That is 
a very vital point in the discussions now going on in connection 
with specifications for treated poles. 

I was particularly impressed with the statement that the poles 
with heavier outside evidence of treatment, as indicated by the 
hardened tar, had a greater tendency to resist decay, reinforcing 
the conclusion that life will increase with the amount of pre- 
servative applied. I would like to know whether all indications 
so far do not point in favor of a generally increasing tendency 
both among operations on telephone lines and in the railway 
practise, to try to treat the timber irrespective of the amount of 
oil used, in other words, to treat the timber with the amount of 
preservative it will actually hold, instead of with a given 
quantity per cubic foot. Of course we run into objections from 
the financial department, because we would probably treat the 
poles with more oil than they would pay for. Do not all the 
results shown here indicate that the better the treatment the 
better the probabilities of length of life to be obtained? 

Clyde H. Teesdale: Mr. Rhodes and Mr. Hosford have 
shown that brush-treated chestnut and cedar poles will prob- 
ably last from 5 to 6 years longer than the untreated poles. The 
cost of this treatment is very low. With coal-tar creosote it 
ought not to be over 30 cents for a 30-foot pole if a large number 
are treated at a time in one place. With an added life of 4 to 
5 years, a cost as low as this offers a very good return. ‘This is 
particularly true in the case of poles used by electric light and 
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power companies, who usually use larger poles than a telephone 
company. Where large poles are used a greatly increased first 
cost makes it possible to pay a considerable price for a pre- 
servative treatment, provided a good increase in life is obtained. 
The question of giving a thorough open-tank treatment to large 
poles is, therefore, worthy of serious consideration. 

In Mr. Hosford’s paper the brush treatment is dealt with to 
the greatest extent, and is the one with which the most definite 
results were obtained. It appears desirable, therefore, to discuss 
the limitations of this method of treatment. It has been found, 
for example, that brush-treated western yellow pine poles last 
practically no longer than similar untreated ones. Further- 
more, it is obvious that woods which do not last well above the 
ground line will not be benefited by either a brush or open- 
tank treatment at the ground line. Therefore, such species 
as sap cypress and sap yellow pine, especially when set in the 
South, should be treated throughout the entire length of the 
pole, because the sap in such poles decays very readily, even 
above the ground line. I may say further that the brush treat- 
ment is not well adapted to timber which may be subjected 
to wear from abrasion. If railroad ties were given a treatment 
as superficial as the brush treatment of poles they would show 
almost no increase in life, because the portion penetrated with 
the preservative would be worn away very rapidly. Hence, 
one should bear in mind that, while brush and open-tank butt 
treatments give excellent results on telephone poles made from 
durable species of wood, these methods of treatment are not 
adapted to poles or timbers made from non-durable woods, 
nor are they adapted to those forms of timber subjected to 
wear, abrasion, etc. 

One other point which I have in mind concerns the life of 
green versus air-seasoned poles. The paper under consid- 
eration brought out the point that untreated seasoned poles 
do not last any longer than those set green. This has 
been our experience with other forms of timber where accur- 
ate records have been kept. It is contrary to some of the 
older theories, but now that we have accurate records on 
many of these service tests we find that there is practically 
no advantage to be derived from seasoning, not only poles, 
but ties, fence posts, and other forms of timber. In fact, if the 
timber is held for an undue length of time it may deteriorate 
and a shorter length of life may be obtained. 

C. A. Hobein, Jr.: I want to ask one question about the 
experience with cypress poles. I recently visited a railroad 
property in the state of lowa. They used cypress poles and their 
experience has been very unfortunate. I inquired whether 
they had used the brush treatment, and it seemed they had used 
the brush treatment on the butts of these poles but they did not 
seem to feel it had done much good. The poles had been in the 
See a few years and they had practically all to be re- 
placed. 
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L. B. Cherry: Has any one noticed any difference in the 
decay of the poles that carried reasonably high potential cur- 
rents, due to the leakage of the insulators and grounding. of 
the current through the moist wood? 

N. W. Storer: Are the polesimpregnated in vacuum? Per- 
haps Mr. Hosford can tell us a little about that. 

L. B. Cherry: I desire to ask another question, in regard to 
the green poles and the dry poles. When the dry poles were 
impregnated were they thoroughly dried, or was the moisture 
that was natural in the wood, in the atmosphere, sufficient to 
affect the impregnation? It seems to me that the theory of 
the matter would be this—the reason a green pole should last 
longer than the treated poles which were dry when treated, 
was that the moisture which was already in the green pole, 
the sap, was in a way of the same material as the wood itself, 
while when it was dried and put in the ground, it would absorb 
the moisture from the earth and an electrolytic action would set 
up in the fibre of the wood. 

R. F. Hosford: First, with reference to Dr. von Schrenk’s 
question about where and how decay was found to occur. 
Taking all the experimental groups, the brush treated poles 
are those we have had the best opportunity to study. The 
typical form of change is the one which we have illustrated in 
the paper. This typical form has been found in practically 
every case where we could determine how decay began. The 
only exceptions are two or three cases that are mentioned on 
one of the pages relating to analyses. You will find there that 
we saw two or three poles where direct disintegration of the 
treated layer had occurred. That is rather rare, and we have 
gone far enough in getting decay started on brush treated poles 
to be safe in saying that is not a typical form of change. 

We do not know so much about where and how open tank 
poles begin to decay. 

Herman von Schrenk: In this Table VII referring to the 
Montgomery-New Orleans line you give the number of pieces 
in line decayed to the point of reconstruction, 75. Were those 
all brush treated? 

R. F. Hosford: No. That table does not refer to brush treat- 
ment. That is a pressure treated line. 

Herman von Schrenk: What is the significance of the word 
decay, as used in that connection? 

R. F. Hosford: We are using the term decay, in the tables, 
as covering all types of disintegration whether the change 
actually occurred through insect attack or through the action 
of fungus growth. For simplicity in tabulation and to indicate 
how long the pole may be expected to last, we have taken the 
word decay and given it that meaning. 

In a large number of cases with the pressure treated poles the 
decay has started in the untreated interior core. It is possible 
in a few cases, although we have not got enough evidence so 
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that we can be sure about it, that the gradual loss of preservative 
from the pole has occurred to such an extent that the amount of 
preservative remaining in the pole is so low that it perhaps can- 
not longer prevent the inauguration of decay. 

Herman von Schrenk: Decay in the interior? 

R. F. Hosford: No. Decay of the kind I have just been 
speaking of would begin on the exterior surface. You will 
notice, however, from the discussion of the causes of the begin- 
ning of decay in the two tables relating to pressure treated poles 
that the only important cause for the beginning of decay that 
we have been able to locate is referred to as checks or shakes. 
Checks or shakes would, of course, allow decay to start through 
exposing the untreated interior section of the pole. 

With reference to the question concerning longer life for open 
tank and pressure treated poles, either of these two processes 
give a longer life than brush treatment. The experiments 
that we are describing cover essentially a scale of intensity of 
treatment. The results, as we expected when we began, vary 
with the intensity. Of course, the variations in the weather 
conditions, in the exposure, whether northern or southern, have 
also some influence upon length of life. 

With reference to the names of the proprietary compounds 
given letter designations in the paper, I might say that the 
nomenclature in detail for all of these cases will be found in 
some of the publications referred to in the bibliography. We 
were not inclined to go into the matter of dealing with them by 
name in this paper because the conclusion we reach and follow 
in our practise is that dead oil of coal tar is better than these more 
expensive compounds. We point out that dead oil of tar has 
done as well as the proprietary compounds. 

Relative to the analysis of the oils extracted from poles, I 
would say that I know of no case where we have segregated the 
treated part of a cross-section from the untreated part and ana- 
lyzed the two separately. As a matter of fact, the last analyses 
recorded in this paper were from samples taken as far back as 
1909. We are in a position now to select a number of samples 
much more intelligently, which may enable us to elucidate some 
of the questions that are now open. 

As to Dr. von Schrenk’s last question with respect to heavy 
treatment versus light treatment, so far as I am aware, there is 
no current tendency towards treatment to refusal, which is the 
technical name for putting in as much as the timber will receive. 
What we are aiming to produce so far as our practise is concerned 
is to get our treatment, for example one of 12 Ib. per cu. ft., more 
uniformly distributed through the pieces we have to treat, as 
indicated in the paper. A large number of pieces of any timber 
that is to be creosoted must be put in the cylinder at the same 
time. There are records in the case of certain studies which show 
that if no attention is paid to the selection of the pieces before 
treatment—say that they were all placed in the cylinder just as 
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they come—we would get widely varying results between dif- 
ferent individual pieces when the lot is taken out. Our principal 
aim at present is to get the selected standard for the treatment 
realized in all the pieces or to get somewhere near to it.. The 
indications are, from an examination of the poles treated by the 
pressure method 16 and 18 years ago, that we got treatments on 
certain individual pieces a long way out of balance with the 
average, and the paper has attempted to bring that fact out. . 

With reference to Mr. Teesdale’s question and discussion I 
will say that we have attempted to emphasize the feature that 
he has also spoken about—the necessity of treating the upper 
parts of non-durable timber. We have endeavored in the paper 
to make this a means of distinction in the choice of methods to 
be employed in treating poles. Of course, it is true that the 
farther north you go the less obvious is the deterioration on the 
upper parts of poles. In the south, disregarding at least the 
sections of a pine pole which are heavily impregnated with rosin 
through “boxing ” for turpentine, you will not find that any 
part of a pine pole will last very long, not even the heart of it. 

I am glad that we drew from Mr. Teesdale the statement that 
the results obtained with poles with respect to the influence of 
seasoning is not unique and that it is true not only for poles 
but for other articles made from timber, that seasoning is not a 
very important means for increasing their life. 

In answer to Mr. Hobein’s question about cypress, the charac- 
teristics of cypress are about as follows: In the southern part 
of the territory in which cypress grows you can get varieties 
which are called in the trade, the red and the black cypress. 
The heart wood of these varieties is durable against decay. 
The sap wood decays rapidly, and decay of the sap wood has the 
further objection from the pole user’s standpoint in that. it occurs 
pretty evenly all the way up to the top of the pole. I have 
actually laid hands on cypress poles and found it possible to 
peel off a piece of decayed sap wood several feet long as you 
might take a piece of birch bark off a birch tree. There are 
varieties of cypress growing mainly in more northern latitudes 
known to the trade as the white and the yellow. Such informa- 
tion as we have indicates that not even the heart wood of these 
varieties is durable. I should say that most of our northern 
pole users would balk at using even the red or black varieties 
since the sap wood is not durable and breaks away from the 
pole in irregular fashion making the looks of the pole rather bad 
after it has been up for a little while. I have heard this objec- 
tion as to the condition of the sap wood raised in connection 
with an experience with cypress in southern Michigan. 

The better results obtained in wet locations are, I think, 
analogous to the common experience with all poles. Decay 
needs for starting, food,—which is in the pole—and air and 
moisture. If you immerse a pole in water or set it in swampy 
ground, which is pretty nearly equivalent to immersing it in 
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water, you exclude the air from the surfaces in contact with the 
soil. If you set a pole in a rock hole and use a few large pieces 
of rock to wedge it in place so that the pole surfaces are pretty 
thoroughly ventilated, the free access of air brings about a 
relatively rapid evaporation of water from the pole surface so 
that the moisture content is kept relatively low. In either of 
these cases, swampy ground or the open rock hole, the nearly 
complete exclusion of one of the elements needed for the life of 
the fungus substantially retards decay and thereby increases 
durability. However, neither of these two conditions for setting 
poles are encountered frequently in actual practise, so that their 
influence in increasing the life of poles is accidental. 

With respect to Mr. Cherry’s question about the effect of 
grounding, I would say that I do not believe that in the case 
of these poles the question of current comes into the matter 
at all. 

The discussion of green and seasoned poles relates entirely to 
poles that are untreated, that is, it is not a question of green 
versus treated poles, but green versus seasoned poles, both of 
them untreated. A treated pole lasts much longer than either 
a green or a seasoned pole, even in the case of brush treatment, 
which gives the lowest increase in life. 

With respect to Mr. Storer’s question, I would say that the 
brush treatment is applied by hand with a brush. It simply 
depends on the absorptive qualities of the wood and the very 
slight pressure applied to its surface for the liquid to make its 
way into the timber. You take care to see that the pole is dry 
—it must be dry if you want to get any oilinto the timber. If it 
has been wet by rain and has not been given an opportunity to 
dry off, you will not get much absorption. The open tank treat- 
ment operates by creating a vacuum in the cells.of the timber 
through which the preservative is drawn in when the treating 
bath is allowed to cool. In the pressure treatment we use a 
vacuum on practically all of our work because we usually start 
with a pole that is green or only slightly seasoned. We first 
steam the piece thoroughly to get the effect of seasoning in the 
way of volatilizing, dissolving, and driving out the water and the 
sap. We then finish the work analogous to air seasoning, by 
applying a vacuum which dries out the timber. We subsequently 
apply the preservative oil under pressure to force it into the cells 
of the timber. The function of the vacuum is mainly to assist 
in completing the seasoning preparatory to the application of 
the preservtive. It is true that in some processes the vacuum 


is used to help in the impregnation, but this practise is not com- 
mon. 
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THE MAGNETIC PROPERTIES OF SOME IRON ALLOYS 
MELTED IN VACUO 


BY TRYGVE D. YENSEN 


ABSTRACT OF PAPER 


In a paper presented before the Urbana Section, April 16, 
1914, the author described results obtained from tests made on 
pure iron melted in vacuo, to obtain data as to its magnetic and 
allied properties. 

The present paper describes further experiments on various 
alloys of the electrolytic iron melted in vacuo with other elements. 
The author deals briefly with the iron-boron and iron-carbon 
alloys, and presents results obtained with the iron-cobalt alloy 
Fe,Co, but gives in greater detail the data in regard to iron- 
silicon alloys, from which the most remarkable results were 
obtained. 

The two best alloys were obtained with about 0.15 per cent 
and 3.40 per cent silicon, after annealing at 1100deg.cent. The 
values of maximum permeability for both of these alloys are above 
50,000, and the values of hysteresis loss for Bmax = 10,000 and 
15,000 are about 300 and 1000 ergs per cu. cm. per cycle, respec- 
tively. This hysteresis loss is 1/8 and 1/8 of the corresponding 
loss for commercial silicon steel. f 

While both alloys have similar magnetic properties, the 3.40 
per cent silicon alloy has a specific electrical resistance nearly 
five times that of the 0.15 per cent alloy, making it particularly 
desirable for use in electromagnetic machinery in places where 
a low eddy-current loss is a requirement, in addition to high 
permeability and low hysteresis loss. 


I. INTRODUCTION 


N APRIL, 1914, the author presented a paper! before the 
Urbana Section of the Institute in which he gave the 
results obtained with regard to the magnetic and allied proper- 
ties of pure iron melted in vacuo.2 The iron thus produced 
was shown to have—on account of its high degree of purity— 
magnetic properties much superior to ordinary grades of iron, 
and the prediction was made at that time that the electrical 
resistance of the vacuum-iron, which in the pure state is very 
1. TRANSACTIONS A. I. E. E., 1914, Vol. XXXIII, Part I, p. 451. 


2. The investigations have been carried on at the Engineering Ex- 
periment Station of the University of Illinois. 
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jow, could be raised by the addition of silicon or aluminum, 
without impairing the magnetic properties to any large extent. 
Since that time the investigations have been continued and 
additional information with regard to the vacuum iron and its 
alloys with other elements has been obtained. 

This paper will deal briefly with the iron-boron and iron- 
carbon alloys, and will present the results obtained with the 
iron-cobalt alloy, FexCo, but the main part will deal with the 
iron-silicon alloys, as these appear to be of more than usual 
interest. 

Material, Apparatus and Methods The iron used as the 
basis of the investigation consisted of electrolytically refined 
iron, containing less than 0.01 per cent carbon and about 0.01 
per cent silicon. Before being used, the iron was crushed, 
cleaned with HCl, distilled water and alcohol, and then dried 
by means of ether in vacuo.. About 600 grams of this cleaned 
iron was then placed in a fused magnesia crucible together with 
the desired portion of the alloying element, covered with a 
magnesia cover and placed in an Arsem type vacuum furnace, 
Where it was melted under a finishing pressure of 0.5 mm. of 
mercury. A view of the furnace room is shown in Fig. 1. 
The ingots, after being allowed to cool in the furnace, were © 
heated in an ordinary coke forge and forged into rods about 
2 in. (1.25 cm.) by 20 in. (50 cm.) under a steam hammer. 
From these rods. the test pieces were prepared; one rod 14 in. 
(35.5 cm.) long for the magnetic and electrical tests; two test 
pieces, 23 in. (6.3 cm.) long, with threaded ends, for the me- 
chanical tests; and one small specimen for the metallographic 
investigation. Tests were made after the following heat 
treatments: 

1. As forged. 

2. Annealed at 900 deg. cent. Cooled at a rate of 30 deg. 
per hour. 

3. Annealed at 1100 deg. cent. Cooled at a rate of 30 deg. 
per hour. 

The annealing of the iron-boron and iron-carbon alloys was 
done by placing the rods in an iron cylinder filled with magnesia 
and heating this cylinder in a. Hoskins type carbon resistance 
furnace. The iron-cobalt and iron-silicon alloys were annealed 

3. Details with regard to material, apparatus and methods used are 


given in Bulletins No. 72 and’ No. 83 of the Eng. Exp. Sta. of the Univ, 
of Ill. 
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in vacuo, so as to preclude any possible contamination by 
gases. The furnace used for this purpose is shown in Fig. 1, 
the vacuum part consisting of an “ electroquartz’” tube with 
mercury-sealed ends. 

The Magnetic Testing. The Burrows compensated double 
bar and yoke method has been used for the magnetic testing, 
as this is the method now generally adopted whenever accurate 
testing is desired. Briefly stated, the apparatus consists of 
one main coil, J, (Fig. 2a) and one auxiliary coil, A, separately 
controlled, and four compensating coils, C, connected in series. 
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Coil Data. 
T, A and C coils—10 layers No. 18 B. & S. enameled copper wire, 20 turns per inch per 
layer (7.875 turns per cm.) ¢ and a coils—64 turns each of No. 30 B.&S. d.s.c. copfer wire; 
C and ¢ coils 32 turns each of No. 30 B. & S. d. s. c. copper wire— connected in series. 


By means of the three secondary coils, ¢, a, and c, the magnetic 
flux can be investigated at different points of the magnetic 
circuit and equalized by adjusting the currents in the magnetiz- 
ing coils. With no leakage of flux, the magnetizing force at 
the middle of the main coil is 


He= 0.4 muna, (1) 
where NV; = number of turns per cm. of main coil 
I; = current in main coil in amperes. 


An error is introduced here on account of the effects of the 
ends of the various coils on the magnetizing force at the center 
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of the main coil. The permeameter used in the first part of 
the investigation consisted of coils 9 in. (22.8 cm.) long, re- 
quiring 12-in. (30.5-cm.) rods. Using this apparatus the 
theoretical error in H; with the same current in all the coils 
was less than +1 per cent. On account of the high permeability 
of the rods, however, the compensating current sometimes had 
to be 10 times the current in the main coil. Under this con- 
dition the theoretical error in H; was + 4 per cent, that is, 
4 per cent should be added to H;, as calculated by means of 
equation (1). With the new apparatus, shown in Fig. 2B, re- 
quiring rods 14 in. (35.5 cm.) long, the theoretical errors under 
the above two conditions were reduced to —0.02 per cent and 
+0.8 per cent, respectively. With the silicon. rods of highest 
permeability the maximum compensating current was 30 times 
the current in the main coil, causing a theoretical error in Ws 
of +2.3 per cent. However, experimental evidence seems to 
show that the actual errors are larger than the theoretical con- 
siderations would lead to, as will be shown below. 

Another source. of error in the magnetic testing is mechanical 
strain caused by clamping the rods in the yokes. 

While it is well known that mechanical stress affects the 
magnetic properties of iron, it was at first considered safe to 
clamp the magnetic test rods in the permeameter without re- 
gard to the method of clamping, on the assumption that the 
strain due to the clamping would be negligible. It was, however, 
noticed that in certain cases the permeability increased materi- 
ally by turning the rods from one position to another and re- 
clamping, while in other cases the opposite took place. It 
soon became evident that this change of permeability was due 
to mechanical strain, in such a way that the least strain gave 
the highest permeability. In the construction of the per- 
meameter used in the iron-silicon investigation, particular at- 
tention was given to the yokes to be sure that the holes for 
receiving the rods were perfectly parallel. However, even 
with these yokes inconsistencies were observed that finally 
were traced to strain. Table I gives the results obtained by 
the different methods of clamping. It shows (Table Ia) that 
by tight clamping the values of B, for H = 0.5, may vary from 
8000 to 11,000, for the same rod, that is, about 30 per cent, 

4, See Bulletin, Bureau of Standards, Vol. 6, No. 1, Reprint No. 117. 


5. Bulletin No. 72, Eng. Exp. Sta., p. 40. Trans. A. I, E. E., Vol. 
XXXIII, Part I, p. 468. 
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and that it seems to matter little which rod is used as auxiliary. 
With the yokes clamped so as to give good contact and yet not 


TABLE I—RESULTS OF STRAIN TESTS 
I A—TeEstT Rop No. 3 Si14C witH Various AUXILIARY Rops 
Induction B, for H =0.5 


Rods more or less strained, due to tight yokes Yokes loose, no 
strain 
Aux. rod Series 3 
used Series 1 Series 2 after reclamp- Series 4 
after reclamp- | ing and cleaning 
ing ends of rods 
3-54 B 9,330 9,800 9,250 11,700 
3 Si 09 C 9,900 8,240 8,040 11,600 
3S$i110C 10,110 10,250 8,940 11,800 
3 aL Lt C 11,060 10,250 11,160 11,800 
sot 12°C 9,650 10,670 8,290 11,700 
3.Si, 13 C 10,850 9,230 8,600 11,700 
I B.—TeEst Rop No. 3 Si 10C wit AuxiLtary Rop No. 3 Si09 C 


Induction B, for H =0.5 


1 


Condi- Haux Compen- B 
tion Method of clamping for sating for 3 Si10C 
No. 3 S109 C | current, 
If 


c 


Yokes loose, no strain on rods, no air gap be- 


ue 


tween wods and voles msyeystcte micas skeet 0.7 0.059 11460 
oe Yokes tight, rods strained, magnetizing 

currents same as above..:............ same same 11300* 
3. Yokes tight, rods strained, magnetic circuit 

IDAVATA GEM eyeyreye se eere ave) bunts) erage ease ote fecc.ecare 0.8 0.042 10550 
4. Yokes loose, no strain on rods, magnetizing 

currents same as above............-. same same 11460t 
Dic Yokes loose, no strain on rods, magnetic cir- 

GtahaAlancedisacrccmhats ac enelss a tetelehes 0.7 0.051 11460 
6. Yokes loose, no strain on rods, small air gap 

between rods and yokes.............. (Oe 0.105 12460 
(i Yokes tight, rods strained, small air gap be- 

ween: TOCSiat Ga ViOKeS! aa wpbis suenieielensie s 0.8 0.058 10890 
8. Yokes loose, no strain, no air gap between 

POAStan CayiGlkes imag cdalcdsemendet eee One 0.059 11460 


* Magnetic circuit not balanced; on account of better contact between rods and yokes 
I, is too large, and yet B is reduced, showing that strain decreases permeability. 

+ Magnetic circuit not balanced; on account of poorer contact between rods and yokes 
I¢ is too small, and yet B is increased, showing that removal of strain restores the rod to 
its normal condition. 


strain the rods, the results vary only about 1 per cent, and this 
may be due to influences other than mechanical strain. The 
figures for tight yokes show that it is possible to have the yokes 
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tight and yet have little strain on the rods, but there is no way 
to ascertain whether the rods are strained, if the yokes are tight. 

Table Ip shows, perhaps, even more convincingly, that the 
inconsistent results shown in Ia are due to strain. Starting 
with no strain on the rods and the circuits balanced, the value 
for B was found to be 11,460, which is considered to be the 
correct value for the rod used. Without changing any of the 
magnetizing currents the yokes were then tightened. Under 
this new condition the contact between the yokes and the rods 
was better than under the first condition and should require 
a smaller compensating current to balance the magnetic cir- 
cuit. In spite of the too high compensating current, B was 
apparently decreased to 11,300. Balancing the magnetic Cire 
cuit shows the true value of B under this condition to be 10,550. 
Leaving the magnetizing currents unchanged, the yokes were 
then loosened (condition 4). The compensating current under 
this condition was naturally too small, as the contact was not 
as good as before, and yet the apparent value of B was increased 
to 11,460. This is probably the most forceful evidence in favor 
of the contention. Balancing the circuit (condition 5) shows 
the true value to be 11,460, the same as under condition 4. 
This is evidently due to the fact that the auxiliary rod had — 
been strained more than the main rod, shown by the necessity 
of decreasing Hj,, from 0.8 to 0.7. 

Under condition 6 a small air-gap was produced between 
the rods and the yokes by means of tissue paper, necessitating 
a doubling of J,. The value obtained for B in this case was 
12,460, an increase of 1000 over the value obtained with no 
air-gap. According to theoretical calculations, only one-tenth 
of this increase can be attributed to the increase in J,, as a 
compensating current of 0.105 (which is 21 times the main 
magnetizing current) should increase H as measured, only by 
about 2 per cent. It is possible that the rest of the increase 
may have been due to the removal of a slight strain that existed 
with no air-gap, but it seems more probable that the com- 
pensating current has a larger effect than is shown by theoretical 
considerations. If it be assumed that the total increase is due 
to I,, H as measured is evidently increased 8 per cent due to a 
compensating current equal to 10 times the main magnetizing 
current, and correspondingly for other ratios. Should this 
assumption be correct, the results recorded in this paper are 
somewhat exaggerated, as corrections have been made accord- 
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ing to theoretical considerations only. More experimental evi- _ 
dence is, however, necessary before final judgment can be 
passed, and in the meantime the reader, in studying the re- 
sults, should keep this matter in mind, remembering at the 
same time that whatever the effect of the compensating cur- 
rent may be, the results are strictly comparable. 

Under condition 7 the rods were strained, bringing the value 
down to 10,890, nearly the same as under condition 3. Remoy- 
ing the air-gap and testing with no apparent strain, the value 
found for B was 11,460, the same as under similar conditions 
before. It is interesting to note that J, under the last two 
conditions was practically the same, while -B with the rod 
strained was about 600 gausses less than with no strain, another 
forceful argument showing that the permeability is decreased 
by a slight strain. 

The condition of no strain can, of course, only seldom be ap- 
plied in practise, but it is necessary in an investigation of this 
kind to make the tests under conditions that can be duplicated 
and standardized, in order to obtain results that are comparable, 
and Table I shows very plainly that the ‘‘ no strain ’”’ condition 
is the only one that fulfills this requirement. Another argu- 
ment for the adoption of the ‘‘ no strain ”’ condition is that this 
is the condition that exists in the only other reliable method 
of magnetic testing that the author knows of, namely, the 
“Rowland ring method.® ' 

The apparatus was calibrated from time to time by means of 
an air-coil, and also by means of rods submitted to the Bureau 
of Standards for standardization. While the rods submitted 
to the Bureau did not include any of the high-permeability 
rods, the certificate received serves, nevertheless, as a general 
check upon the apparatus. The results obtained at the Univer- 
sity check very well with those obtained by the Bureau and also 
with results obtained by the calibration laboratories of two of 
the large manufacturing companies. As a matter of fact, the 
permeability obtained at the University is slightly lower than 
that given by the Bureau of Standards certificate. 


II. IRoN-BoRoN AND [RON-CARBON ALLOYS 
These two series of alloys will be discussed together, as boron 
and carbon seem to behave very similarly in their effect upon 


6. Most of the inconsistencies that appeared in the previous paper 
on the properties of pure iron can, no doubt, be attributed to strain, in 
view of the results shown here. 
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the magnetic properties of iron. The properties of the iron- 
carbon series, prepared under ordinary conditions, have been 
investigated’ very extensively in times past, and are consequently 
very well known. As the removal of carbon is the chief cause 
of the improvements obtained by means of the vacuum process, 
it was not to be expected that the iron-carbon alloys prepared 
by that process would exhibit properties differing to any large 
extent from those of iron-carbon alloys prepared under ordinary 
conditions. While this part of the investigation has not yet 
been completed, the results obtained indicate that this expecta- 
tion in general will be met. 

Iron-boron alloys have thus far received only slight attention, 
and, as far as can be found, practically nothing has been done to 
determine their magnetic properties. On that account it may 
be of interest to summarize the results obtained by the author, 
in spite of the fact that they offer no promise that any valuable 
alloy will be found in this series. Thirty iron-boron alloys were 
prepared, the maximum boron content being 0.45 per cent. 

The results may be summarized as follows: 

1. Small percentages of boron added to pure iron and melted 
in vacuo have a double effect upon the iron, since part of it re- 
duces the iron oxide present and the remainder combines with 
the iron. In this respect boron differs from carbon, as the latter 
does not combine with the iron unless added to larger quantities 
than are needed to reduce all the iron oxide present. 

2. Small additions of boron to iron have a slightly beneficial 
effect upon the magnetic properties, probably on account of 
the reduction of iron oxide, which more than offsets the effect 
of the combined boron. The beneficial effect in the present case 
reached a maximum with the addition of 0.05 per cent boron, 
and ceased as soon as the amount of combined boron became 
measurable, which occurred with the addition of 0.10 per cent 
boron. 

3. Boron added in a sufficient amount to leave a measurable 
quantity combined with the iron has a decidedly detrimental ef- 
fect upon the magnetic properties of the iron. 

4. Boron increases the specific electrical resistance of iron by 
0.62 microhm per 0.1 per cent boron combined with iron. 

7. The most recent investigation on iron-carbon alloys is that by 
Gumlich, Trans. Faraday Soc., Vol. 8, p. 98, 1912. 


8. For a full report of the results see Bull. No. 77, Eng. Exp. Sta. 
Uniy. of Ill., 1915, 
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5. The effect of boron upon the mechanical properties of iron 
is in general similar to that of carbon. It raises the elastic 
limit and increases the ultimate strength, at the same time de- 
creasing the toughness. 


III. Tue IRon-Copatt Attoy, Fe2Co 


This alloy was first produced by Dr. P. Weiss,? who found that 
it had a saturation value of magnetization 10 per cent higher 
than that of pure iron. Previous to that time the magnetic 
properties of iron and iron alloys in intense fields had been in- 
vestigated by Ewing and Low, Du Bois," Gumlich, 2 and by 
Hadfield and Hopkinson.3 The intensity of saturation, I,, for 
pure iron, obtained by these investigators, ranged from 1680 to 
1750, and, until Weiss produced his Fe2Co alloy, it was generally 
thought that no alloy had a higher saturation value than pure 
iron. 

On account of the remarkable magnetic properties obtained 
for pure iron by melting it in vacuo,it was suggested to the author 
by Dr. Jacob Kunz,.that the iron-cobalt alloy, Fe,Co, might 
show some interesting properties when prepared under such con- 
ditions. An investigation was consequently undertaken, and 
the results fully met the expectations. The magnetic properties 
in low and medium fields were measured by the Burrows method, 
described on p. 2457, while the saturation values were obtained 
by Dr. E. H. Williams of the Physics Department by means 
of the isthmus method. 

The results are shown in the following tables and figures. 
For the sake of comparison the properties of a few other grades 
of iron and iron-alloys, tested under identical conditions, have 
been included. 

The chemical analysis shows that the iron-cobalt alloys con- 
tain 33.34 per cent cobalt and may thus be said to conform quite 
closely to the formula Fe,Co. 

With regard to the saturation values, it is seen from Table II 
that the results obtained in this investigation show that the iron- 
cobalt alloy, Fe,Co, has a saturation value about 13 per cent 

9. Trans. Faraday Soc. 8, p. 149, 1911-12. Compt. Rend. 156, 
p. 1970, 1913. 

10. Proceedings Royal Soc. 42, p. 200, 1887. Phil. Trans. 180 A, 
p. 221, 1889. 

11. Phil. Mag. 29, p. 293, 1890. 

12. Elektrotech. Zeitschr. 30, p. 1065, 1909. 

13. Journ. Inst. Elect. Engrs., Dec. 1910. 
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higher than that of pure iron, irrespective of the method of melt- 
ing. However, the saturation values both for pure iron and for 


TABLE II—I;,—SATURATION INTENSITY.OF MAGNETIZATION 


As forged | Annealed at | Aunealed at 


Specimen 900 deg. cent}1100 deg. cent 

Pure iron—melted in vacuo®............... 1798 1803 1803 
Fe2Co, No. 3Co01 melted in vacuo?......... 1977 1967 1967 

He NowsCo02) sees IB oF rc 2036 2039 2039 

sf No. 3Co003  “* sy COE Sak Sees Se 2057 2048 2048 
Fe:Co, obtained from “Weiss... ¥: .. 0). <sse 9s 1977 
Same, remelted in vacuo®.................. 2038 

As rolled 

Coldirolled'steale 2 5; ayau: Ads cys. cide cie ae eee 1750 


1. At a pressure of about 3.0 mm. Hg. 
2. At a pressure of about 1.0 mm. Hg. 
3. At a pressure of about 0.5 mm. Hg. 


the iron-cobalt alloy are raised about 3 per cent by melting the 
substances in vacuo. While the saturation value is primarily 
of scientific interest, Fig. 3 shows that the iron-cobalt alloy 


MAGNETIZING FORCE-H-GILBERTS PER CM.(UPPER CURVES) 
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MAGNETIZING FORCE-H-GILBERTS PER CM.(LOWER CURVES) 


Fic. 3—MAGNETIZATION CURVES FOR VARIOUS GRADES OF IRON AND 
IRoN ALLOYS—ANNEALED 


may be of practical importance in the electrical industry. While 
its magnetization curve is 13 per cent above that for pure iron 
at saturation, it is 25 per cent higher in medium fields, such as 
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H = 50toH = 200. It crosses the pure iron curve at H = 7.5 
and remains below at lower densities. However, its maximum 
permeability is 13,500, which is much higher than is obtained 
for the best grades of transformer iron at the present time. The 
hysteresis loss, too, is as low as or lower than that in commercial 
grades of iron. Its chief importance, however, lies in its high 
magnetic permeability at high densities. An increase here of 
25 per cent, when coupled with a low hysteresis loss, is a highly 
desirable characteristic, for instance, for the teeth of the arma- 
tures of dynamo machinery, where the density is very high. 
The mechanical properties of this iron-cobalt alloy, as seen 
from Table V, are not particularly advantageous. In the forged 


TABLE IV—ELECTRICAL RESISTANCE, MICROHMS PER CU. CM. AT 
20 DEG. CENT. 


Annealed Annealed 
Specimen As forged at 900 deg. | at 1100 deg. Remarks 
cent, cent. 
Pure iron—melted in 
VACUO. aloes pea et 9.90 9.85 
Fe2Co. No. 3 Co 02 
meltedin vacuo..... 9.55 10.15 10.10 
Fez:Co. No. 3 Co. 03 
meltedin vacuo..... 9.25 9.72 9.60 
Commercial Grades 
Standard transformer : 
Received manufac- 
steel. 3-0. parece ae 11.00 Aes ‘ 
ae turer’s stand. heat 
4 per cent silicon steel. Bot E 51.00 
treatment. 
Swed. charcoal iron... Reta 10.57 Sean 
en ee ee 


state, while rather brittle, it is considerably stronger in tension 
than pure iron. After being annealed at 970 deg. cent., how- 
ever, its tensile strength has decreased to about one-third, and 
it is even more brittle than in the forged state. It may be that 
the alloy could be annealed at a lower temperature than 970 
deg. cent. and retain some of the strength that it exhibits in 
the forged state, at the same time acquiring the magnetic prop- 
erties obtainable by annealing at 900 deg. cent. 

The electrical resistance of the Fe:Co alloy, as seen from 
Table IV, is about the same as for pure iron, and makes the 
alloy unsuitable for use in places where the eddy-current loss 
is of chief importance. 


Annealing the Fe2Co alloy at 1100 deg. cent., as seen from 


2613 


VACUUM IRON ALLOYS 


VENSEN. 


1915] 


“wOrWesua ayeUIIAIA “ZL 


4 492U ,, 0} PadUstIMOD sey UoUITOeds aJOJaq UOWeBUOTT ‘Ty 
= Se a a ES 


‘eqeld wold yno sy 


susuttoeds 
[e1aA9s IOJ oeseloAy 


syeursy 


Neve Sek SeresMetel wos [eooreyo “pamg 


t Lg 9¢ is 000‘0F 2 


O'I> DTS 10;T OSt'6z OSF'6z . : . a CEES » Z0°D € ‘ON 09 tag 
On O'T> |OT> 008°0€ 008'0¢ o€ oe OT>| 00S'26 OO ELS ian en » 109) € ‘ON 99 4aq 
8Z 6h GG o0s'¢¢ OOT‘9T OTL Ge || Ges 0£9'SF OOS OFS ee OnoeA Ul payeu—uoll ving 
qyueo I3ad 43 «I ‘ul *bs/q] queso sed 1g *1 ‘ul *bs/-qr 
vale ‘ut *bs/qy qutod vole ‘ut *bs/q] yutod 
jo queso tod ssoiys Peta jo quee tod sse14s Pleté ueultsads 
wor} uory ELG-eeach gay ye wor} bof) al azyewiiyp ye 
-onpey -eZu0[q sselqg -onpey -esu0[q SS91}S 
pelvouuy pesi0j sy 


EE eee eee 


SLSHL TVOINVHOUW JO SLTNSHU—A ATAVL 


2614 YENSEN: VACUUM IRON ALLOYS [Oct. 20 


Tables II and III, reduces the permeability and increases the 
hysteresis loss considerably, although the saturation value 
remains the same as before. 

The results may be summarized as follows: 

1. The iron-cobalt alloy, Fe,Co, has a saturation value of 
magnetization 13 per cent higher than that of pureiron. The 
values for the vacuum product, both for pure ironand for the 
Fe,Co alloy, are about 3 per cent higher than for the corres- 
ponding grades melted under ordinary conditions. 

2. When melted in vacuo its maximum permeability is above 
13,000 at a density of 8000 gausses. While this is consider- 
ably lower than the maximum permeability found for pure 
iron melted in vacuo, its permeability in medium fields, such as 


PERMEABILITY ~2z. 
t) 4000 8000 12000 16,000 20,000 +~24,000 28,000 
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MAGNETIZING FORCE-H-GILBERTS PER CM. 


Fic. 44a—HysTEREsIs LOOPS AND PERMEABILITY CURVE FOR IRON-COBALT 
(FE2,Co) MELTED IN VACUO—ANNEALED ‘AT 900 Dec. CENT. 


H = 50 to H = 200, is 25 per cent higher than that for pure 
iron or for commercial grades of iron. 

3. Its hysteresis loss at densities of 10,000 gausses or below 
is considerably less than for the best grade of commercial trans- 
former iron. At densities of 15,000 or above the hysteresis 
loss is about the same as for this commercial iron, at the same 
densities. : 

4. Its specific electrical resistance is about 10 microhms, or 
about the same as for pure iron. 

5. Mechanically it is brittle but fairly strong. Annealed, 
the ultimate tensile strength of the Fe:Co alloy and of the pure 
iron is about the same, while in the forged state the alloy is 
more than twice as strong as pure iron. 


1915] YENSEN: VACUUM IRON ALLOYS 2615 


In this iron-cobalt alloy, FesCo, is thus found a substance 
that is suitable for use in places where the magnetic density is 
very high, such as armature teeth of dynamo machinery. Its 
brittleness may, however, be a serious obstacle in this con- 
nection. While its electrical resistance is low, there is reason 
to believe that this may be raised by the addition of other 
alloying elements. 


IV. Iron-Siticon ALtoys!4 
Probably no series of iron alloys, outside the iron-carbon 
series, has received more attention in recent years than has the 
iron-silicon series. This is largely due to the fact that some 
of the alloys belonging to this series have proved their superi- 
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Fic. 48—HyYstTEREsIs Loops AND PERMEABILITY CURVE FOR PURE 
IrRoN MELTED IN VACUO—ANNEALED AT 900 DerG. CENT. 


ority over pure iron and other iron-alloys for certain very im- 
portant purposes in the electrical industry. The iron-silicon 
alloys have been thoroughly investigated from a chemical, 
metallurgical and physical point of view, so that their properties 
are generally very well known. 

The effect of silicon upon the mechanical properties of iron 
was noticed as early as the beginning of the last century, when 
Mushet found that quartz sand applied to molten iron made 
the iron harder and more brittle. These results were later 
confirmed by other investigators, but it was not until the end 

14. For a more detailed report see Bulletin of the Eng. Exp. Sta., 
(Wisahnigpore SONI” KN Sy 

15. See P. Paglianti, Metallurgie 9, p. 217, 1912, where references 
to early investigators are given. 
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of the century that systematic investigations of the iron-silicon 
alloys weremade. In 1887, Tilden, Roberts-Austin, and Turner’® 
commenced investigations that were continued by Hadfield!” 
in 1889 and Baker'’ in 1903. These were followed by Guillet? 
in 1904, Bisset?° in 1910 and Paglianti# in 1912. The results 
of these investigations agree fairly well, considering the differ- 
ence in the material and treatments employed. The results 
obtained by Hadfield, Baker, and Paglianti are shown graphi- 
cally in Figs. 5 and 6, together with the curves obtained by 
the author. 
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In connection with his investigation of the mechanical prop- 
erties of iron-silicon alloys in 1889, Hadfield touched upon 
their magnetic properties. The results arrived at were not 
favorable, as it was found “ that the material (containing 4.43 
per cent silicon and 0.18 per cent carbon) had less suscepti- 
bility and more retentiveness than good soft iron, and that it 


16. Report of British Assoc. for the Adv. of Science, 1888. 
17. Journ. Iron and Steel Inst., 1889, II, p. 222. 
18. Journ. Iron and Steel Inst., 1903, II, p. 312. 
19. Rev. de Metal., Memoirs, 1904, p. 46. 
20. Iron Age, Aug. 25, 1910. 
21. Metallurgie, 9, p. 217, 1912. 
Rev. de Metal. Extracts 11, p. 4, 1914. 
22. Jour. Iron and Steel Inst. 1889, II, p. 237. 
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had enormously less retentiveness than hard steel suitable for 
magnet making.’’ However, Hadfield continued his investi- 
gations on the magnetic properties of iron-silicon alloys and 
in 1900, assisted by Barrett and Brown, he was able to give a 
report” that was quite different from the one above referred 
to. Among the large number of alloys investigated, the report 
includes two iron-silicon alloys, containing 2.5 and 5.5 per cent 
silicon, respectively. The results show (see Table VI) that 
both alloys have a higher maximum permeability and a de- 
cidedly lower hysteresis loss than pure iron, and that the elec- 
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Fic. 6B—MECHANICAL PROPERTIES OF IRON-SILICON ALLOYS, ACCORDING 
TO VARIOUS INVESTIGATORS—ANNEALED - 


trical resistance increases at the rate of 10 to 12 microhms per 
cu. cm. for each per cent of silicon added. This remarkable 
discovery caused an almost immediate adoption of the silicon: 
steel for use in electrical machinery, particularly in transformers. 
It also gave a new impetus to the investigation of iron and 
steel alloys for electrical purposes, and a large number of in- 
23. Barrett, Brown and Hadfield: Scient. Trans. Royal Dublin Soc., 
VII, ser. 2, Part 4, Jan. 1900. 
Barrett, Brown and Hadfield: Jour. Inst. of Elect. Engrs. Vol. 
31, p. 674, 1901-02. 
Reviewed by E. Gumlich: Stahl u. Eisen 1902, No. 6, p. 230. 
24, The electrical conductivity of iron alloys is described in detail 
by Barrett: Proc. Royal Soc. Vol, 69, p. 480, 1902. 
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vestigators have been searching for new treasures in this field. 
Except for permanent magnets, however, silicon still holds the 
first place as the alloying element giving best results for elec- 
tromagnetic machinery. Among those who have investigated 
the magnetic and electrical properties of iron-silicon alloys 
since Hadfield’s discovery are found Gumlich™ and Schmidt 
(1901), Baker’® (1903), Dillner?? and Engstrom (1905), Guert- 
ler®® (1906), Burgess” and Aston (1910), Gumlich®® and Goerens 
(1912), and Paglianti®! (1912). While the numerical values 
obtained by these investigators vary considerably, they agree 
as to the general effect of silicon upon the magnetic properties. 
Thus it was found that silicon in general decreases the hysteresis 
loss of the iron, and increases the permeability. The rate of 
improvement becomes very large at about 2 per cent silicon, 


TABLE VI—MAGNETIC AND ELECTRICAL PROPERTIES OF HADFIELD’S 
IRON-SILICON ALLOYS. 


Energy 
Silicon | Max. in- Perme- Reten- Coercive | dissipated] Spec. elec. 
Mark per duction ability tivity force in per com- | resistance, 
cent for for in terms terms plete cycle,| microhms 
AH = 45 H=8 of B of H ergs per 
cu. ‘cm. 
8: (Cah) 10)07 ie 3% ad ne ey 10.2 
B 0.14 16,800 1625 9770 1.66 10,760 10.9 
898 E| 2.50 16,420 1680 4080 0.90 7,900 42.1 
898 H| 5.50 15,980 1630 3430 0.85 6,500 65.2 


but continues until the limit of forgeability—about 7 per cent— 
is approached. Gumlich and Goerens expressed the opinion, 
previously suggested by Hadfield and Hopkinson, that this 
improvement can not be attributed directly to the silicon— 
as silicon decreases the saturation value of the iron—but that 
it is due to the neutralizing effect of silicon upon carbon. It 


25. Elektrotech. Zettsch., 22, p. 691, 1901. 
26. Journ. Iron and Sveel Insi., 1903 II, p. 312. 
Journ. Inst. of Elect. Engrs., 34, p. 498, 1904-05. 
27. Journ. Iron and Steel Insi., 1905 I, p. 474. 
28. Zeitschr. Anorg. Chemie, 51, p. 397, 1906. 
29. Met. and Chem. Engng., March, 1910. 
30. Trans. Faraday Soc. 8, p. 98, 1912. 
Ferrum 10 (12) p. 33, 1912; Chem. Zentr. Bl. (5) 17 (18) p. 380. 
31. Metallurgie, 9, p. 217, 1912; 
Rev. de Metal, Extracts, 11, p. 4, Jan. 1914. 
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has been shown that with a silicon content of 3 to 4 per cent 
or more the carbon in the iron can not exist in the dissolved 
or combined form even if quenched, but is all converted into 
graphite, a form in which it has a much less harmful effect 
than in any other form. These conclusions have received 
further confirmation by the results of Paglianti, who shows that 
quenching increases the coercive force 4 to 7 times for low- 
silicon iron and only twice for high-silicon iron. The effect 
upon the hysteresis loss and permeability is shown to be similar. 

The metallography of the iron-silicon series has been in- 
vestigated by Osmond,® Arnold, Baker,34 and by Guertler 
and Tammann.* From the data obtained from these researches 
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Fic. 7—EQUILIBRIUM DIAGRAM FOR IRON-SILICON, ACCORDING TO 
GONTERMANN 


Gontermann® has worked out an equilibrium diagram for the 
iron-silicon alloys, up to the first eutectic point, 21.4 per cent 
silicon. The diagram is shown in Fig. 7, where the lines not 
established by experiments are shown broken. According to 
this diagram, silicon, in quantities of about 15 per cent or less, 
remains dissolved in the iron throughout all the allotropic modi- 
fications of the latter. If the solution contains more than 15 
per cent silicon, two different crystals are formed upon cooling, 

32. Journ. Iron and Steel Inst., 1890, I, p. 62. : 

33. Journ. Iron and Steel Lnst., 1894, I, p. 107. 

34. Journ. Iron and Steel Inst., 1903, II, p. 312. 


35. Zeitschr. Anorg. Chem. 47, p. 163, 1905. 
36. Z. Anorg. Ch. 59, p. 384, 1908; Journ. I. & S. Inst., 1911, I, p. 481. 
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namely, the mixed saturated crystal of iron and silicon, con- 
taining about 15 per cent silicon, and a crystal of the com- 
position FeSi. 

The results of the above investigations are confirmed by 
the photomicrographs published by Baker, Guillet,3’, Guertler ’ 
and Tammann, Gumlich and Goerens,*® and Paglianti.2® These 
show that with a silicon content of 15 per cent or less there is 
only one kind of crystal present in the alloys, with the excep- 
tion—in the low-silicon alloys—of the cementite crystals caused 
by the carbon present in the iron to a greater or less extent. 
With a higher silicon content—above 3 or 4 per cent—carbon 
is no longer precipitated as cementite, but as graphite, and 
appears in the form of black spots on the surface of the polished 
specimen. 


Vo AR BSULTS 

1. Chemical Properties. Table VII gives a complete list of 
all the alloys made, together with the chemical analysis for 
silicon. From the amount of silicon added, the percentage 
1ost in terms of the weight of the ingot has been calculated and 
listed in the fourth column. The only elements that are present 
in the alloys as impurities in a measurable quantity are carbon, 
amounting to about 0.01 per cent, and oxygen. 

It has been previously shown that the. electrolytic iron, 
even after the thorough cleaning to which it was subjected 
before melting, contained about 0.4 per cent oxygen in the 
form of some oxide of iron. It was shown that while carbon 
will reduce the iron oxide before commencing to combine with 
the iron, boron will combine with the iron before all the iron 
oxide is reduced, its affinity for oxygen being about twice its 
affinity for iron. From Table VII it is seen that silicon in this 
respect acts like boron, with this difference, that its affinity 
for iron is much stronger than its affinity for oxygen. The 
percentage of silicon lost, that is, the percentage that has been 
oxidized and changed into slag, increases, somewhat irregularly, 
with the silicon added, but reaches a maximum of about 0.5 
per cent. As silicon oxidizes to SiOz, the maximum amount of 

37. Rev. de Metal. Memoirs, 1904, p. 46. 

38. Trans. Faraday Soc. 8, p. 98, 1912. 

39. Metallurgie 9, p. 217, 1912. 

Rey. de Metal., Extracts, 11, p. 4, Jan. 1914. 
AQ] UERANS OAS Ineo, LOI Viole OeXXITePartels. p. 451. 
Bulletins 72 and 77, Eng. Exp. Sta., Univ. of Ill. 
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oxygen absorbed is 0.44 per cent, or the same amount that was 
found in the two previous investigations, using carbon or boron. 


2. Mechanical Properties. 


The results of the mechanical 


TABLE VII.—LIST OF ALLOYS. 


Specimen 


No. 


3-51 
3-52 
3-53 
3-54 
3-55 
3 Si 05 
3 Si 06 
3 Si 07 
3 Si 08 
3 Si 09 
3 Si 10 
3 Sill 
3 Si 12 
3 Si 13 
3 S114 
3 S115 
3 $i 16 
3 $i 17 
3 5118 
3 S119 


3 Si 20 
3 Si 21 
. 3 Si 22 
3 Si 23 
3 Si 24 
3 Si 25 
3 Si 26 
3 Si 27 
3 Si 28 
3 Si 29 
3 Si 30 
3 Si 31 
3 Si 32 
3 Si 33 
3 Si 34 
3 Si 35 
3 Si 36 
3 Si 37 


NrFooooocoocococcoCCeoCoOOCCcSs 


Silicon 
added 
per cent 


.000 
.000 
.000 
000 
000 
092 
-185 
276 
368 
460 
-551 
643 
734 
825 
916 
-138 
046 
230 
.810 
690 


. 560 
- 092 
.185 
-276 
.690 
560 
260 
-125 
-410 
230 
420 
260 
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chem. 
anal. 


per cent 


ab’t. 0.001 
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001 
001 
001 
001 
.068 
148 
242 
309 
400 
472 
563 
673 
698 
822 
064 
.010 
.230 
741 
.550 


- 580 
048 
091 
20 

570 
400 
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annealing at 1100 deg. cent. on account 


These rods were discarded after 
of oxidation due to a leakin thefurnace. 


The magnetic data for these rods, af- 
terannealing at 900deg. cent. were taken 
before the effect of strain due to tight 
clamping of the yokes was noticed. 
It was impossible to re-test these rods 
annealed at 900 deg. because they were 
already annealed at 1100 deg. Data for 
1100 deg. annealing were taken without 
strain. 


——- 


Not forgeable. Crushed into mass of 
crystals. 
Flaw in center of rod after forging. 


Not forgeable. Sameas3 Si 19, 


Contaminated in melting. 


Not forgeable. 


) Not used. Made from electro t 
r iron that proved to be impure. 


tests are shown in Tables VIII and IX, and graphically in Figs. 
8 and 9. A comparison between these results and those ob- 
tained by previous investigators was given in Figs. 5 and 6. 
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Fig. 10 is a reproduction of a photograph of some of the test 
pieces after being tested, showing very clearly the variation 


in the elongation and reduction of area caused by silicon. 


From 


the figures it may be stated in general that silicon increases 
the elastic limit and ultimate strength of iron in direct propor- 
tion to the amount added, reaching a maximum at about 4.5 


per cent. 


From this point on, the elastic limit coincides with 
the ultimate strength, and both decrease very rapidly. The 


TABLE VIII—MECHANICAL. TESTS 


Number 
of 
speci- 
men 


Silicon 
content, 
per cent 


for) 


See a =) 


PRwWWHOOSCOCOCOCCO 


Yield 
point, 
lb. per 
sq. in. 


35,600 
38,600 
42,500 
41,300 


40,750 


45,200 
68,100 
74,500 
83,400 
94,000 
50,250 


5,120 


As ForGEeD 
Elongation 

Ulti- per cent Reduc- 

mate - tion of 
strength] Before | Ulti- area, Remarks 

lb. per | ‘‘neck- | mate |per cent 

sq. in. ing” 

44,700 39 80.4 

46,500 | 3 24 53.8 

40,800 8 40 88.5 

45,200 11 35 78.0 

46,900 5 25, 91.6 Failed near punch 

mark 

43,800 10 37 92.0 

43,750 12 36 91.7 

45,000 11 42 94.8 

49,700 10 39 93.4 

47,500 10 45 89.7 

51,000 12 41 92.6 

58,000 9 30 91.4 

55,800 ala 36 93.1 

76,300 6 29 87.2 

86,300 10 31 74.7 

99,300 12 23 41.3 
105,000 6 6 Cit) 

50,250 nil nil nil Failed at base of 

head 
5,120 nil nil nil Tested between grips 


values for the forged condition are considerably higher than 


without being ma- 
chined 


for the annealed condition, the difference varying between 
10,000 and 20,000 lb. per sq. in. (7 to 14 kg. per sq. mm.). 
For the 4.5 per cent. alloy ‘‘as forged” the ultimate strength 
is 105,000 lb. per sq. in: (73.5 kg. per sq. mm.), about 8000 lb. 
per sq. in. (5.6 kg. per sq. mm.) higher than the maximum 


obtained by previous investigators. 


The practical absence of 


carbon in the vacuum iron causes the low-silicon alloys to be 
weaker than the. corresponding alloys tested by previous in- 
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vestigators, but this same absence of carbon evidently is a 
cause for added strength in the 4.5 per cent alloy, in which the 
carbon exists in the form of graphite. 

With regard to the elongation and reduction of area, the 
results in general confirm those obtained by Hadfield, Baker 
and Paglianti concerning the effect of silicon. However, the 
vacuum alloys again show the effect of the lack of carbon in 


TABLE IX—MECHANICAL TESTS 
ANNEALED AT 970 Dec. CENT. 


Elongation, 
Yield Ulti- per cent Reduc- 
Number | Silicon point, mate of 
of content, | lb. per |strength} Before | Ulti- Area, Remarks 
specimen|per cent | sq. in. | 1b. per | ‘“‘neck- | mate |per cent 
sq. in. ing" ; 
3-39 0.001 ‘| 16,400 36,100 61 80.9 
3Si16 | 0.010 16,050 | 34,900 25 53 Sles 
3 Si21 | 0.048 20,100 | 35,000 2¢ 48 89.3 
3Si15 | 0.064 14,750 | 34,100 PH 29 45.1 Failed near head; flaw 
3 Si05 | 0.068 20,400 | 34,900 28 64 94.8 
3 Si 22 | 0.091 14,290 | 35,400 26 64 91.8 
3Si06 | 0.148 15,890 | 35,200 29 48 67.0 
3 Si 23 | 0.205 25,075 | 38,650 19 50 89.4 
3 Si19 | 0.230 14,910 | 35,500 30 60 84.7 Broke near head; flaw 
3 Si07 | 0.242 18,100 | 38,400 25 60 ons 
3 Si08 | 0.309 21,650 | 40,400 25 55 90.0 
3Si09 | 0.400 26,000 | 42,000 20 55 91.0 
3Si10 | 0.472 17,340 | 42,750 26 54 91.4 | 
3 Sill | 0.563 25,700 | 41,200 08 wre x Was not stressed to 
failure; flaw 
3 Si12 | 0.673 26,550 45,230 21 45 88.2 
3Si13 | 0.698 23,100 | 43,000 25 57 89.0 
3Si14 | 0.822 26,200 | 45,150 28 50 91.6 
3 Si 31 | 1:71 35,800 | 54,250 25 50 90.6 
3Si18 | 1.741 45,750 | 55,000 14 Bye 84.7 Failed at punch mark 
3 Si27 | 2.73 49,600 | 67,800 18 19 15.5 
3Si25 | 3.40 57,100 | 77,400 15 21 28.7 
3 Si37 | 4.39 85,000 | 85,000 nil nil il EpA Annealed at 1030 deg. 
cent, in nitrogen 
3Si28 | 4.44 72,900 | 91,600 14 24 25.1 
3Si29 | 4.92 47,700 | 47,700 nil nil | nil Head failed 


3 Si 32 | 6.57 13,000 ! 13,000 nil nil nil Tested between grips 


being much tougher in the region of low silicon as well as in the 
region between 3 and 5 per cent. The latter is particularly 
significant, as it is in this region that the maximum strength 
occurs. While the strength maxima for alloys containing small 
amounts of carbon correspond to zero elongation and reduc- 
tion of area, the strongest vacuum alloy, in the forged con- 
dition, has a reduction of area of 8 per cent, and an elongation 
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Fic. 8—MECHANICAL PROPERTIES OF IRON-SILICON ALLOYS—MELTED 
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of 7 per cent. In the annealed state the corresponding figures 
for the same alloy are 24 and 22 per cent. 

Two of the alloys, containing 2.55 and 2.57 per cent silicon, 
respectively, could not be forged, but fell into a mass of crys- 
stals that apparently had no adhesive strength. One of these 
alloys is shown in Fig. 22. That this occurrence was no acci- 
dent is shown by the fact that the two alloys were made at dif- 
ferent times, and they were subjected to forging on different 
days, in company with other alloys that forged perfectly. 
The structure of the two alloys is identical, consisting of large 
allotriomorphic crystals 4 in. (3 mm.) to ¢ in. (6 mm.) across, 
and about twice these dimensions in length. The author has 
as yet been unable to find any satisfactory explanation of this 
phenomenon, neither has he been able to find a similar occur- 
rence reported by anybody else. On the other hand, no alloy 
with a silicon content of between 2.50 and 2.60 per cent has 
been recorded in the literature as far as investigated, the nearest 
to it being two alloys used by Hadfield, one containing 2.67 
per cent silicon"! and the other containing 2.50 per cent silicon.42 
The latter was used for magnetic investigations and the me- 
chanical properties were not given, but it’ was undoubtedly 
forgeable. Paglianti‘® has reported an alloy containing 2.35 
per cent silicon, that evidently forged. Thus it would appear 
that the region of non-forgeability is restricted to within a few 
tenths of one per cent, unless the small amount of impurities 
present in the alloys used by the above investigators, chiefly 
carbon, may have changed the physical properties sufficiently 
to make them forgeable, whereas their absence might have made 
them non-forgeable. The author regrets that he has been un- 
able as yet to investigate this point further*, The presence of 
a critical point does not appear in the curves for the mechanical 
properties as forged, while in the curves for the annealed speci- 
mens there is a sudden drop in the reduction of area and the 
elongation in the region of non-forgeability. Thus the re- 
duction of area drops from 90 per cent for the 1.71 per cent 
alloy to 15 per cent for the 2.73 per cent alloy. Hadfield and 

41. Journ. Iron and Steel Inst., 1889, II, Pp. 222. 

42. Scient. Trans. Royal Dublin Soc., VII, Ser. 2, part 4, Jan. 1900. 


Journ. Inst. Elec. Engrs. 31, p. 674, 1901-02. 

43. Metallurgie, 9, p.- 217, 1912: 

*Since this paper was prepared, further investigations with regard to 
this point have been made, establishing more definitely this critical point. 
For detailed information see Bull. No: 83 of the Eng. Exp. Sta., Univ. 
of Ill., and Proc. A. I. M. E., Feb. 1916, p. 490-98. 


PLATE CLIII. 
Agile Ea Es 
VOL. XXXIV, 1915 


As Forged Annealed 


3-55 3 39 
Si-0.001% Si.-0.01% 
_ BSi. 05 3 Si. 08 

Si.-0.068% Si-0.309% 
3 Si. 23 ] 
Si.—0.205% Se 
Si.-0.472% 
3 Si. 11 
Si.-0.563% 3 Si. 14 
Si. 0.822% 
3 Si. 14 Boks 
Si.—0.822% geet 
Si.-1.71% 
_ 3 Si. 31 3 Si. 27 
Si.-1.71% Si.-2.73% 
3 Si. 36 Fey 
Si—3.55 < 1. 20 
13-95 Te Si.-3.40% 
J ae 3 Si. 28 
4.39% Si.-4.44% 
3 Si. 29 3 Si. 29 
Si.—4.92% Si.—4.92% 
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Paglianti found for the annealed alloys a similar drop in the 
reduction of area and in the elongation in this region, confirm- 
ing the view that there is a critical point at about 2.5 per cent 
silicon. (See Figs. 6a and 6B). Baker shows the sudden drop 
to occur between 3 and 4 per cent silicon; but Baker’s method 
of melting raises the question whether part of the silicon in his 
alloys was not in the form of SiO». All his curves seem to 
point in this direction. 

3. Magnetic and Electrical Properties. The results of the 
magnetic and electrical tests are shown in Tables X and XI 


80) 
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SPEC. ELECTRIC 
RESISTANCE 
MICROHMS 


AL- By 


MAX. PERMEABILITY, 


GAUSSES 


OERCIVE FORCE, RETENTIVITY, 
PER CM. 


, GILBERTS 


HYSTERESIS LOSS, C 
ERGS PER CU.CM. 
PER CYCLE 


F eee serena CENT 
Fic. 11—MaGnetic AND ELECTRICAL PROPERTIES OF IRON-SILICON 
ALLOYS ANNEALED AT 900 Dec. CEnr. 
and in Figs. 11 to 15, inclusive. Figs. 11 and 12 show at a 
glance the magnetic and electrical properties of the series, 
Fig. 11 after annealing at 900 deg. cent., and Fig. 12 after an- 
nealing at 1100 deg. cent. The properties in the forged state 
have not been thus plotted for the reason that they are of less 
interest on account of their inferiority. However, in order to 
have them included in the paper, Fig. 13 gives the flux densities 
for various magnetizing forces for the alloys as forged; Figs. 
14 and 15 give the corresponding values after annealing at 900 
and 1100 deg. cent., respectively, thus affording means for 
comparison as to the effect of the various heat treatments. 
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From these three figures it is seen that, for H = 50 or above, 
the annealing at 1100 deg. has the effect of decreasing B by 
500 to 1000 gausses for low-silicon alloys, while for alloys con- 
taining from 0.2 to 1.0 per cent the annealing at 900 deg. cent. 
decreases B to some extent. For H = 20 and below, the forged 
condition is decidedly inferior to the annealed condition. Com- 
paring the 900-deg. and 1100-deg. annealing, it is seen that for 
H = 20 to H = 0.5 the 900-deg. annealing is superior for de- 
creasingly lower silicon contents only, and for H = 0.3. and 
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Fic. 12—MAGNETIC AND ELECTRICAL PROPERTIES OF IRON-SILICON 
ALLOYS ANNEALED AT 1100 Dec. CENT. 


below, the 1100-deg. annealing is superior for the whole range. 


In general, it may be said that for high densities B decreases. 


with increasing silicon content, no matter what the heat treat- 
ment has been. This was expected to be the case from previous 
researches on the saturation values of iron-silicon alloys. Thus 
Gumlich and Goerens found that the saturation value 47 Imaz 
is decreased by 500 gausses for each 1 per cent silicon. 
Turning now to Figs. 11 and 12, two maxima appear very 
distinctly in the curves for maximum permeability, corres- 


ponding to two minima in the curves for hysteresis loss and 


= 
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coercive force. The first of these points occurs at a silicon 
content of about 0.15 per cent, the second at a silicon content 
of about 3.5 per cent for the permeability and about 4.0 per 
cent for the hysteresis loss and coercive force. The reason 
that the second maximum for permeability and minimum for 
hysteresis loss do not occur at the same silicon content appears 
very clearly from the retentivity and coercive force curves, 
when it is remembered that the hysteresis loss primarily de- 
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Change of Seale 


pends upon the coercive force and the retentivity, and only 
to a less extent upon the maximum permeability. 

That a maximum—or minimum—should occur for a low 
silicon content was not surprising in view of the results pre- 
viously obtained with pure iron, iron-carbon and iron-boron 
alloys. In the latter case a maximum was obtained with a. 
trace of boron, evidently on account of a slight purification 
of the iron, but as soon as the boron content became measurable. 
the magnetic properties immediately depreciated. The first 
maximum in the present case can, no doubt, be accounted for. 
in the same way, and consequently this point may be regarded 
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as characteristic of the purest iron obtainable under the present 
conditions, containing 0.15 per cent silicon and a small amount 
of oxygen in the form of iron oxide. The slight uncertainty 
existing for silicon contents below 1.0 per cent, as shown by 
the distribution of the points, is probably due to the varying 
amounts of oxide left in the iron. That the oxide in the iron be- 
fore melting varied to some extent is apparent from Table VII, 
judging from the amount of silicon oxidized in the high alloys, 
where probably all the oxide was reduced. This reasoning would 
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Fic. 14—F.Lux DENsITY For VARIOUS MAGNETIZING ForcES—ANNEALED 
AT 900 Dec. CENT. 


Consequently also account for the uniform results obtained for 
the high silicon contents. 

The second maximum—or minimum—was wholly unexpected, 
as strength and brittleness are not generally associated with 
high magnetic quality. It is true that previous investigators 
have found a maximum between 2.5 to 4.0 per cent silicon, 
but, as was pointed out on p. 2473, this was thought to be due 
to the neutralizing effect of the silicon upon the relatively large 

_amounts of impurities, chiefly carbon, present in the iron. In 
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the present case the alloys contained only about 0.01 per cent 
of carbon. Thus it seems improbable that the second maximum 
in this case can be attributed solely to the conversion of 0.01 
per cent of combined carbon into graphite. It seems more 
probable that the improvements are due partly to this con- 
version and partly to the complete reduction of iron oxide. 
If this second maximum should be due entirely to the conversion 
of combined carbon into graphite, the current ideas regarding 
the influence of carbon upon the magnetic properties of iron 
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will certainly have to be changed, and it will become desirable 
to remove from the iron the last trace of carbon. According 
to these hypotheses, the first maximum is due to pure iron in 
spite of small amounts of iron oxide and combined carbon, while 
the second maximum is due to pure iron in spite of a relatively 
large amount of dissolved silicon. If none of the above hypo- 
theses is correct, the only other explanation remaining is that 
the second maximum is due directly to silicon dissolved in theiron. 
As an argument against such a theory, Hadfield and Hopkin- 
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son“ in 1900 and Gumlich® in 1912 brought out the fact that 
silicon reduces the saturation value of iron in direct proportion 
to the silicon dissolved in the iron, and consequently it did not 
seem probable that silicon could directly improve the per- 
meability at lower densities. However, it is a curious coin- 
cidence that at the same meeting of the Faraday Society at 
which Dr. Gumlich made the above statement, Dr. P. Weiss‘ 
read a paper on iron-cobalt alloys, showing that the alloy FesCo 
has a.saturation value 10 per cent higher than that of pure iron. 
The author has shown that while the iron-cobalt alloy, Fe2Co, 
melted in vacuo, has a saturation value 13 per cent higher 
than that of pure iron melted under identical conditions, its 
permeability at low densities is much lower. Evidently both 
the high saturation value and the comparatively low permea- 
bility at lower densities of the Fe:Co alloy must be due tothe 
combination between iron and cobalt, or, in other words, must 
be attributed directly to the cobalt. | There is no reason, then, 
why the low saturation value and the high permeability at low 
densities of the 3.40 per cent iron-silicon alloy can not both be 
due directly to silicon. That is, no foundation exists any longer 
for assuming that there is a direct connection between the 
saturation value of a certain alloy and its properties at low 
and medium densities, and it is consequently possible that 
the second maximum occurring in the maximum permeability 
curve for the iron-silicon series may be due directly to silicon. 
More experimental evidence is needed, however, before it is 
safe to make a definite statement in this respect. 

While silicon is thus, directly or indirectly, engaged in im- 
proving the magnetic properties of iron, it serves a very useful 
purpose by increasing the electrical resistance of the iron enor- 
mously, giving the iron the exact characteristics desired for 
electromagnetic machinery. 

The iron-silicon series thus offers two important alloys for 
electrical purposes, both having high permeability and low 
hysteresis loss, but differing in that one has-a very low, while 
the other has a very high electrical resistance. 

The values obtained are, undoubtedly, without precedent 
in the annals of the magnetic properties of iron and iron alloys, 
and it is only after a careful analysis of the apparatus used and 

44. Inst. of Elect. Engrs. 46, p. 225, 1911. 


45. Trans. Faraday Soc. 8, p. 109, 1912. 
46. Trans, Faraday.Soc, 8, p. 149, 1912, 
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the methods employed in testing that the author feels reason- 
ably safe in publishing.them. As an extra precaution, how- 
ever, he wishes to repeat the statement made on p. 2606, 
that experimental evidence seems to point towards a larger 
percentage error due to the compensating current than theo- 
retical considerations according to Burrows*” and others would 
lead to. But even if the maximum error in the results as given 
should amount to 20 per cent, their significance would not be 
altered appreciably. Whether the true maximum permeability 


TABLE XII 


Coercive force Hysteresis loss, ergs 


Maxi- /gilberts per cm. | per cu.cm. per ~ 
Kind of mum - 
Year Investigator material perme- 
used ability for for for for 
Bmax =|Bmax =| Bmax =| Bmax = 
10,000 | 15,000 | 10,000 15,000 
1900 | Hadfield....... Sw. Char. Iron 4,000} 0.92 1.00 jab’t. 2700/ab’t. 5500 
1900 | Hadfield....... 23 % Si-Iron 5,100} 0.72 0.79 “ 2200] “ 4700 
1901 | Gumlich and 
= Schmidt.. .. | Wrought iron S550) eee 0.60 Bd Sratare 
1903" | Baker (S.o%m. os 4.9% Si-iron ee JE 1.20 na 6200 
LOMO S|) ersveycaeemnr Electrolytic iron | 11,000 
1912 | Gumlich 
and Goerens .| 0.4% Si.sheets |11,600] .... 0.54 
1912 | Gumlich and 
° Goerens).-4- 4.0% Si. sheets 0B! sere sk a Se hake 
1912 | Paglianti...... 1.75% Si-iron Fetes) O60 0.75 1650 3500 
1914 || Yensen=nses 2 Pure vacuum tor OOO| rer 0.29 813 1640 
iron R 
1995 } Yersen.. .: -/..| Ost5% Si. va- 66,500} 0.09 0.16 286 916 
cuum iron 
LOLS) Venseni. sa) 11-3140 9% Si, va- 63,300] 0.08 0.15 280 1025 
cuum iron 


obtained is 66,500 or 53,200 is of little consequence at the present 
time, as long as it is reasonably certain that it lies in this neigh- 
borhood. Should it be definitely established that the value 
of the required compensating current imposes a limit upon 
the Burrows double bar and yoke method, beyond which the 
errors introduced are too large, a new method will undoubtedly 
be developed to meet this emergency. 

It was only a few years ago that a permeability of 6000 was 
regarded as exceptionally high. This was gradually raised to 


47. Bulletin, Bureau of Standards, Vol. 6, No. 1; Reprint No. 117. 
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8000 and then Terry,* in 1910, obtained a value of 11,000 for 
a ring of electrolytic iron as deposited and annealed. Gumlich, 
in 1912, also obtained this value for a high-grade low-silicon 
alloy in the form of sheets. Last year the author published 
19,000 as the maximum found for pure iron melted in vacuo, 
and this value was regarded as remarkable. The step from 
19,000 to 66,500 indeed seems a long one, but intermediate steps 
have been taken in the meantime in the laboratory. The values 


PERMEABILITY 
0 10,000 20,000 30,000 40,000 50,000 60,000 
T 


16,000 
3.4% Silicon- Vacuum-Iron 
14,000 
12,000 
8 
g 
10, 
5 000 
© 
z 
fo} 
8 8,000 
= + Hysteresis Loop for Bmax, 15,000 
° | e Hysteresis Loop for Bmax. 10,000 
g 6,000 i > —— 
= Bs + 
4,000 38 
ae 
a8 Ti 
2,000 | 2 =| 


6 8 10, 
MAGNETIZING FORCE-H-GILBERTS PER CM. 


12 14 16. 


Fic. 16—A ComParISON BETWEEN VaAcuuM IRON AND _COMMERCIAL 
STEEL, BOTH CONTAINING BETWEEN 3 PER CENT and 4 PER CENT SILICON— 
THOROUGHLY ANNEALED 

Vacuum Commercial 


Iron Steel 
Hysteresis loss, for Bmax = 10,000; ergs percu.cm.per~...... 280 2260 
. RS Te = 15, 000s Bi 4, Oe ide Clea 1025 3030 
Specific electrical resistance, microhms. ................... ., 48.50 51.15 


for the hysteresis loss have followed in a similar path, as seen 
from Table XII. 

Fig. 16 illustrates the difference in magnetic quality between 
a silicon-vacuum-iron and a commercial silicon steel, both con- 
taining approximately the same amount of silicon. The maxi- 
mum permeability is as 20 to 1, the hysteresis loss}; forMiBaas 
= 10,000, as 10 to 1, and for Bnas = 15,000, as 3 to 1, in favor 


48. Phys. Rev, 30, p. 133, 1910. 
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of the vacuum alloys |ForsBaas= 15,000 tthe permeability 
of the latter is twice the permeability of the commercial iron. 
The electrical resistance is nearly the same for both alloys, or 
about five times that of pure iron. 

Fig. 17 shows to a large scale the difference between a high- 
silicon and a low-silicon vacuum-iron, both having about the 
same hysteresis loss. The characteristics of the low-silicon 
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Fic. 17—A CoMPARISON BETWEEN A HiGH AND Low SILICON VacuuUM 
IRON—ANNEALED AT 1100 Dec. CENT. 
0.048% Si. 4.44% Si 


Hysteresis loss, for Bmax = 10,000; ergs percu.cm. per~....... 407 405. © 
Ld rons. & = 15,000; °* ORME) eS tar 1214.5 1171 
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alloy are seen to be very high retentivity and high permeability 
for medium and high densities, while the high-silicon alloys 
have a low retentivity, with the maximum permeability occur- 
ring at a low density. The chief advantage of the high-silicon 
alloy lies in the high electrical resistance, amounting to more 
than five times that of the low-silicon alloy. 

An attempt was made to obtain a few more points for the 
high-silicon alloys, and two alloys, Nos. 35i36 and 3Si37, were 
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melted, and test pieces prepared. Unfortunately, however, 
these rods were annealed first at 900 deg. and then at 1100 deg. 
cent. in company with three rods made from impure iron and 
were evidently contaminated by them. This was discovered 
by the behavior of rod No. 3Si17, that had previously been 
annealed at 900 deg. under normal conditions. After anneal- 
ing at. 1100 deg. in company with the contaminated rods, its 
magnetic quality was sadly impaired, while the five other rods 
all had improved. As a matter of fact, it was the first occur- 
rence of a rod depreciating during the 1100-deg. annealing, and 
the only cause that could be found was contamination by the 
impure rods. One rod being thus affected, it seemed natural 
to conclude that Nos. 3Si36 and 3Si37 were similarly affected.” 
The results for these two alloys are shown in the tables, but the 
values have not been plotted in the figures, although the points 
would have deviated but little from the curves. Another reason 
for not plotting these values is that the 1100-deg. annealing 
was done in an atmosphere of nitrogen. While the nitrogen 
did not seem to act differently from the vacuum, the method 
has not been tested sufficiently to warrant including, without 
question, the results thus obtained. However, these results, 
although not wholly satisfactory, serve as a check upon the 
results previously obtained. 

4. Photomicrographs. In the following pages a number of 
photomicrographs are reproduced, representative of the alloys 
tested. They are arranged in order of their silicon content, 
the pure iron appearing first and the highest silicon alloy last. 
With only a few exceptions, the “as forged ” condition occupies 
the upper part of the pages, the 900 deg. annealed condition 
the middle part, and the 1100 deg. annealed condition occupies 
the lower part. The magnifications tised are either 40 diameters 
or 10 diameters. In one case recourse was had to 7 diameters. 

From these photomicrographs it is seen very clearly that 
the iron-silicon alloys, in the range here investigated, consist 
of only one kind of crystals, thus confirming the results obtained 
by previous investigators, that iron and silicon, for silicon con- 
tents below about 15 per cent, form a solid solution everywhere 
between the freezing point and ordinary temperature. 

Below 1 per cent, silicon appears to have no marked effect 

49. That such contamination takes place during annealing was shown 


in the previous paper, in the case of five rods that were annealed in 
company with a rod that contained 0.18 per cent carbon, 


PLATE CLIV. 
A. 1. E. E. 
VOL, XXXIV, 1915 


ALLoy No. 3—39 ' “Aitoy No.3 St. 06 
0.001 PER CENT SILICON 0.148 PER CENT SILICON 


As forged 
Fic. 18a—40 Diam.—Picric Acip Fic. 19a—40 DiamM.—Picric Acrp 


Annealed at 900 deg.cent. 
Fic. 18s—40 Diam.— Picric Acrp Fic. 198—40 Diam.—Picric Acip 
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Annealed at 1100 deg.cent. [YENSEN] 
Fic. 18c—40 Dram.—Picric Acip Fic. 19c—40 Dr1am.—Picric AcIp 
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PLATE CLV. 
A..1. E. Ee 
VOL. XXXIV, 1915 


ALLoy No.3 S1 10 ALLoy. No. 3 Sr 81 
0.472 PER CENT SILICON 1.71 PER CENT SILICON 


As forged 
Fic. 20Aa—40 Dram.—Picric ACID Fic. 21a—10 Diam.—Picric Acip 


Annealed at 900 deg. cent. 
Fic. 20B—40 Diam.—Picric Acip Fic. 218—10 Diam.—-Picric Acrp 


Annealed at 1100 deg. cent. 
Fic. 20c—40 D1am.—Prcric ACID Ere 2ic—=10 


[YENSEN] 
DiAM.—Picric Acip 


PLATE CLVI, 
A. | iE. Ee 
VOL. XXXIV, 1915 


THE NON-FoRGEABLE ALLOY 3 Sr 24—2.57 PER CENT SILICON 


As cut from ingot before forging 
Fic. 22A—10 Diam.—Picric Acip 


Annealed at 900 deg. cent. 
Fic. 22 s—10 Diam.—Picric Acip 


[YENSEN] 
Fic. 22A2—FuL_ Si1zE—INGot AFTER 
FORGING 


Annealed at 1100 deg. cent. 
Fic. 22c—10 Diam.—Picric AcIpD 


ees ei ALLoY No. 3 St 25—SpEec. 2— 


VOL. XXXIV, 1915 3.40 PER CENT SILICON 


As forged As forged 
Fic. 23—ALLoy 3 Si 25—Spsc. 1 Fre. 26a—10 Diam.—Picric Acip 
3.40 PER CENT SILICON—40 DiaAm.— 
Nitric AciIp 


As forged Annealed at 900 deg. cent. 
Fic. 24—AL oy 3 Si 20 Fic. 268—10 Diam.—Picric Acip 
3.58 PER CENT SILICON—40 Diam.— 
Nitric Acip 


As forged [YENSEN] 
Fic. 25—ALuLoy 3 Sr 36 Annealed at 1100'deg. cent. 


3.55,PER CENT SILICON—40 Diam.— <a 
Nitric Acip Fic. 26c—7 Diam.—Picric Acip 


PLATE CLVIII. 


ALLE. E. 
VOL. XXXIV, 1915 
Auuoy No. 3 Si 29 ALLOY No. 8 Sr. 32 
4.92PER CENT SILICON 6.57 PER CENT SILICON 


As forged 
Fic. 27A—40 D1iam.—Picric Acip Fic. 28a—40 Diam.—Picric AcID 


Annealed at 900 deg. cent. < p fe 
— a= 1c ACID 
. 278—40 Diam.—Picric ACID Fic. 28 s—40 DIAM. ICR 
ae _ SLIGHTLY REPOLISHED 


Annealed at 1100 deg. cent. [YENSEN] 
- Fic. 27c—40 Diam.—Picric AcIpD Fic. 28c—40 Diam.—Picric Acip 
—WASHED WITH 10 PER CENT HF —WASHED WITH 10 PER cENT HF 


SOLUTION SOLUTION 


PLATE CLIX 


A. I. E. E, 


VOL. XXXIV, 


1915 


ONIONOY WALAY LOONT 
[NaSNGA] 


“aZIS ATIVE]—NODOITIS INAS Aad GG°8—OE IS SON AOTIV AIAVADAOY-NON FAHL—6Z “SI 


1915] YENSEN: VACUUM IRON ALLOYS 2639 


upon the structure of the iron, either as forged or annealed. 
Annealing at 900 deg. cent. does not seem to change the struc- 
ture of the alloys in this range, but annealing at 1100 deg- 
breaks the large crystals up into smaller ones, giving an appear- 
ance of a very fine structure. There is no sign of foreign sub- 
stances in these structures, other than those arising from im- 
perfect polishing. After passing the 1 per cent mark, silicon 
begins to show its effect. The crystals are generally larger 
than for pure iron, and are readily polished in relief, showing 
that they are not of uniform hardness. There is no breaking 
up of the crystals by the 1100-deg. annealing as in the case of 
the low alloys. The 1.71 per cent alloy, as seen in Fig. 21, 
shows a very irregular structure as forged, and after the 900- 
deg. annealing, but this gives way to a structure of more regu- 
larity as a result of the 1100-deg. annealing. The structure 
of the non-forgeable alloy is shown in Fig. 22, exhibiting very 
large uniform crystals, measuring } in.-(3 mm.) to } in. (6 mm.) 
across. In the first specimen used for the 3.40 per cent alloy, 
the crystals are of about the same size and shape as the ones 
for the non-forgeable alloys, as seen in Fig. 26. In order to 
investigate this singularity further, another specimen from the 
same alloy was prepared, and this showed a much more normal 
structure (Fig. 23). Specimens were also investigated for two 
other alloys with very nearly the same silicon content, and 
these also showed structures that were quite normal (Figs. 24 
and 25) so that the large crystals, shown in Fig. 26, are evidently 
freaks, caused by peculiar conditions. It may be that the 
specimen was taken at one end of the forged rod. Neverthe- 
less, the occurrence of these enormous crystals is very interest- 
ing, not only on account of the enormous size, but also because 
it shows that the size of crystals in and of itself does not prevent 
the material from being forgeable. The remainder of the 
photomicrographs exhibit quite normal structures with no 
marked change caused by the two heat treatments. 

The principal difference between -these photomicrographs 
and the ones published by previous investigators is the absence 
of foreign matter in the structure of the vacuum alloys. Even 
Baker, whose alloys contained only 0.04 per cent carbon, shows 
in his photomicrographs, besides small amounts of pearlite or 
graphite, some other foreign substance that could not be ex- 
plained at that time. It seems probable, in view of the method 
used for melting and the mechanical properties of his alloys, 
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that these other foreign substances may be oxides. The other 
investigators invariably show comparatively large amounts of 
pearlite for low alloys and patches or spots of graphite for high 
alloys. The size of crystals for the vacuum alloys, excluding 
the abnormal cases, is very much larger than for the less pure 
alloys. This is true both for low and high silicon contents. 

5. Summary and Conclusions. The results recorded in the 
previous pages regarding iron-silicon alloys may be summarized 
as follows: 

1. By means of the vacuum method of melting it is possible 
to obtain a decidedly purer product than has thus far been 
obtained in any other manner. Consequently, more definite 
conclusions can be drawn with regard to the effect of silicon 
upon iron, than have hitherto been possible. 

2. Silicon, like boron, has a double effect upon iron. Part 
of it combines with the iron and remains in solid solution through- 
out the cooling of the alloy, while a smaller part reduces the iron 
oxide present. 

3. The tensile strength of the vacuum product follows in 
general the same law as alloys made under ordinary conditions, 
but the ductility of the former is much greater, particularly 
“below 2 per cent and above 3 per cent, probably due to the 
absence of carbon. The maximum tensile strength of 105,000 
lb. per sq. in. (73.5 kg. per sq. mm.) occurs with a silicon con- 
tent of 4.5 per cent. 

4. The limit of forgeability lies between 7 and 8 per cent 
silicon. A critical range occurs between 2.50 per cent and 
2.60 per cent, in which the alloys are not forgeable. 

5. With regard to the magnetic properties the vacuum alloys 
exhibit most remarkable characteristics. The best alloys are 
obtained with about 0.15 per cent and 3.40 per cent silicon, 
after annealing at 1100 deg. cent. The values of maximum 
permeability for both of these alloys are above 50,000, and 
the values of hysteresis loss for Bnoz = 10,000 and 15,000 are 
about 300 and 1000 ergs per cu. cm. per cycle, respectively. 
This hysteresis loss is } and % of the corresponding loss for 
commercial silicon steel. The most favorable annealing tem- 
perature is in every case 1100 deg. cent. 

6. The specific electrical resistance increases about 13 mi- 
crohms for the first one per cent of silicon added. For each 
additional per cent added the increase is about 11 microhms. 
Consequently, the 3.40 per cent alloy mentioned under (5) 
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has a resistance nearly 5 times that of the 0.15 per cent alloy, 
and yet both have similar magnetic properties. 

By the vacuum process two silicon alloys have thus been 
produced that have very valuable characteristics; one, low in 
silicon, not very strong, but extremely ductile, of high per- 
meability, low hysteresis loss, and of low electrical resistance; 
the other, high in silicon, very strong, moderately tough, of 
high permeability, low hysteresis loss and of high electrical 
resistance. The properties for these two alloys are summarized 
in Table XIII. The first is evidently suitable for use in places 
where high permeability and low hysteresis loss are the chief 


TABLE XIII—PROPERTIES OF THE TWO BEST IRON-SILICON 
VACUUM ALLOYS 


Hysteresis loss 


Sili- | Stress Reduc-} Maxi- | Density | ergs per cu. cm. Spec. 
con at Ultimate] Elong- tion | mum for per ~ elec. 

con- yield strength] ation of per- max. | —______-__| resist. 
tent point | ib. per |per cent] area meart) |, Peres for for ance 
per cent| !b. per sq. in. per cent] bility ability, | Bmax. | Bmax. mi- 

sq. in. gausses | —10,000| =15,000 |crohms 

0.15 | 18,500 37,000 56 90 66,500 6500 286 916 11.80 

3.40 | 58,000 76,500 21 28 5 163,300 6500 280 1025 48.50 


requirements, while the second alloy is suitable for electro- 
magnetic machinery, principally where a low eddy-current loss 
is an additional requirement. 

The data presented in this paper are drawn from researches 
which have been made at the Engineering Experiment Station of 
the University of Illinois, and the author wishes to express his ap- 
preciation to Professor E.B. Paine for his sympathetic and en- 
couraging attitude, which has been areal help in the work. The 
author also wishes to mention Mr. W.A. Gatward, Fellow in the 
Engineering Experiment Station of the University of Illinois, 
on account of his conscientious work, particularly in connection 
with the magnetic testing, but alsoin many other ways. Finally, 
Mr. J. M. Lindgren of the Chemistry Department deserves 
great credit for the chemical analysis. 
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Discussion on ‘“‘ THe MacGnetic Propertigs or SomE IRON 
ALLoys MELTED IN Vacuo” (YENSEN), ST. Louis, Mo., 
OcTOBER 20, 1915. 


Thomas Spooner: The Burrows permeability apparatus 
we have used in our commercial testing for some years, 
and found it very satisfactory, especially when used in con- 
nection with the Grassot flux-meter. The apparatus has given 
us very accurate checks for the Bureau of Standards certified 
rods. We, of course, have not had occasion to test samples 
of permeability of 60,000 to 70,000, but for commercial material 
we feel sure that the apparatus is extremely accurate. 

In regard to the question of bending, we discovered the 
same fact Mr. Yensen did, some time ago, when we first put 
our Burrows apparatus in commission. We had two sets of 
yokes which were mechanically exactly alike, and still, to make 
sure, we tried testing two rods in each set of yokes, to make 
certain that the two pieces of apparatus were identical, and 
we found that we were not able to check within several per 
cent. After considerable work we discovered that it was un- 
doubtedly due to a little difference in the yokes which produced 
strain in the rods. 

Only the other day I got a pretty good example of the effect 
of bending. I received from the annealing room a sample 
of sheet material which was bent. It was tather heavy gage 
material, and of course I knew it would not test correctly, but 
as a matter of interest I put it in the yokes and got a perme- 
ability test at an induction of 10 kilogausses. The permea- 
bility was approximately fifty per cent of what it should have 
been, showing the effect of bending. 

In regard to the vacuum treatment, we have not made any 
alloys melted in vacuo, but we have done a little work on 
vacuum annealing, and we have not been able to find that 
the vacuum treatment was of any particular benefit. I would 
ask Mr. Yensen if he attributes the high values of permeability 
which he has obtained in any degree to the large size of crystals 
which his micrographs show. 

W. J. Wooldridge: The first thing I note about the results 
is that the samples are all in the shape of rods, and while cast 
or forged material is of considerable interest, sheet material 
is of greater importance. Several years ago we made some 
tests on rods cut from open hearth steel and silicon steel from 
various parts of the ingot or bloom, rods from the sheet bar 
and samples from sheets, the object being to ascertain the 
changes due to different degrees of working. 

The principal results were as follows: 


O. H. Steel St Steel St Steel 
Ingot 0.0147 0.0089 0.0099 
Sheet bar 0.0233 0.0119 0.0119 


Sheet 0.0239 0.0157 0.0163 
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hysteresis, watts per pound per cycle at B= 10,000. Tests were 
made by the isthmus method. 

From these figures it will be noted that results are changed 
vastly by the mechanical working necessary to produce sheets 
and which changes and stresses the structure of the material. 
Further, and this has been borne out by other tests, it has ap- 
peared that material which is primarily of exceptionally good 
characteristics magnetically, is most susceptible to change. 
It would, therefore, be of very great interest to know how 
these new materials will behave after being rolled into sheets, 
provided it is mechanically possible to do so. 

No mention is made of eddy current losses which must be 
of considerable magnitude in the rods and may be such as 
to mask the real hysteresis values. The eddy current loss 
cannot be considered as inversely proportional to the specific 
resistance, but is usually of much greater range, due, doubt- 
less, to the different internal structures. This may be still 
more exaggerated in unlaminated samples. Materials having 
the same specific resistance vary greatly in respect to eddy 
current losses. Hysteresis reduction alone is not indicative 
of real improvement as material has been produced in which 
a very considerable reduction in hysteresis has been obtained, 
but in which the eddy loss has increased to such an extent 
that the net result was an actual increase in total iron losses. 

We have also noted in some cases an exalted or temporary 
but unstable condition, especially with reference to permeability. 
In certain electrolytic iron and also in material annealed and 
cooled in a magnetic field the first test showed very high maxi- 
mum permeability which on later tests could not again be 
found. This apparently is a condition akin to aging of hysteresis 
which was put upon the shelf with the advent of the silicon 
alloys. This exalted condition is one very difficult of explan- 
ation, but is one of certain occurrence and one which is worthy 
of careful study, but which teaches us the need of caution in 
dealing with new or specially treated materials unless they 
have been carefully retested after a lapse of time or after such 
handling or temperature exposure as the material would get 
in practise. 

Of the value of vacuum fusion or heat treatment there seems 
no doubt, but in the practical application to mill manufactur- 
ing conditions there are great difficulties. New practises would 
have to be worked out, which would, doubtless add very greatly 
to the cost of producing’the sheets. Uniformity of the product 
to a very close degree would be absolutely essential when work- 
ing at high densities, but the extraordinarily high permeability 
shown seems to be very delicately poised, as shown by the 
samples 3 Sz 36 and 3 Si 37. 

Nevertheless the fact remains that, assuming results given 
us to be correct, it will doubtless be a great incentive to further 
investigation and to the study of ways and means to overcome 
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what look like great difficulties in order to obtain and benefit 
by the great improvements. 

John D. Ball: From the results obtained by Mr. Yensen, 
and from other tests which I have been privileged to review, 
I feel that it is definitely shown that the vacuum fusing treat- 
ment gives to certain magnetic materials an increase for the 
value of maximum permeability, which is usually accompanied 
by the lowering of the hysteresis losses. It is strongly in- 
dicated that for materials so treated, the induction at’ which 
maximum permeability values occur, are also higher than for 
our regularly treated product. All three of these character- 
istics are highly desirable and important. 

The values given in this paper are very unusual and much 
more startling than have previously been obtained. I have 
made a somewhat extended, though of necessity hurried, analysis 
of these results and have been forced to conclude that some 
inconsistencies are present. as the analysis shows abnormally 
high and varying values of the ratio of hysteresis losses at 
B = 15,000 and B = 10,000, and further analyses show that 
the indicated values of saturation as derived from these published 
results are from two to six times the maximum values given 
for any material. This shows that Mr. Yensen’s alloys are 
either more remarkable than appears at a casual study of the 
paper, or that the values of maximum permeability, as given, 
are exaggerated. 

Analyses of Hysteresis Results. The normal increase 
of hysteresis loss with increased induction is given by the 
well known law h = 7 Bl 6. In the case of some materials it 
has been noted that at high inductions the loss apparently 
increases faster than would be given by the above equation. 
This may be accounted for by the fact that the steel tested 
is not homogeneous, but contains impurities such as scale, etc., 
which in themselves follow the law but have different constants. 
The more scale or hetrogeneous the material, the greater devia- 
tion may be expected. Tests on many samples of 24 per 
cent silicon and 33 per cent silicon steel as commercially used show 
the losses at B = 15,000 to be 30 per cent higher than would 
be given by the loss at B = 10,000 and strict application of the 
law by assuming the material to he homogeneous. For scale- 
free material this ratio is less. For vacuum-fused steel we would 
expect less oxidization, greater purity and therefore a ratio 
of loss coefficient, at B = 15,000 divided by B = 10,000 some- 
what less than 1.3 but of course greater than 1.0, the corres- 


ponding ans of losses themselves being 4.5 to thesvalue of 
15,000) ~ . } 4 
Gam on) = 1.91. Taking hysteresis datafrom the paper and 


calculating the values of n and the ratios, gives us results on 
rods annealed at 1100 deg. cent. as shown in Table I. Here 
we find ratios from 1.07 to 1.90, and anything you like between, 
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independent of the silicon content. For the two samples show- 
ing the high permeability we find ratios of 1.68 and 1:90; that 
is, in the latter case the loss at B = 15,000 is something like 
four times the loss at B = 10,000, or about twice that given 
by the Steinmetz law. This indicates either a very low loss 


TABLE I. 
RODS ANNEALED AT 1100 DEG. CENT. 
Perm. Hysteresis Value for 7 
AtB =| B= B= ip = B= 
Sample Si. Max. 10,000 | 10,000 | 15,000 10,000 15,000 Ratio 
3-54 0.001 | 22,800 | 21,300 665 1860 0.265 X10]0.387 x10] 1.46 
3-55 0.001 | 25,800 | 25,600 707 1451 0.282 0.302 1.07 
3Si16 0.01 29,000 | 28,670 707 1604 0.282 0.334 1.18 
8Si21 0.048 | 27,000 | 27,000 700 1660 0.279 0.346 1,24 
3Si15 0.064 | 36,800 | 36,300 502.5 | 1336 0.200 0.278 1.39 
3Si05 0.068 | 44,200 43,500 407 1214.5 |0.162 0.253 1.56 
3Si22 0.091 | 45,250 | 43,500 394 929 0.157 0.193 123 
3Si06 0.148 | 66,500 | 41,700 286 916 0.114 0.191 1.68 
38Si23 0.205 | 30,200 29,500 649 1526 0.258 0.318 1 23 
3Si07 0.242 | 36,500 | 33,000 436 1346 0.174 0.280 1.61 
3Si08 0.309 | 44,500 43,500 445 1412 CO. a77, 0.294 1.66 
3Si09 0.400 | 22,500 | 22,000 725 1820 0.289 0.378 1.31 
3Si10 0.472 | 31,150 25,000 535 1358 0, 213 0.282 132 
3Sill 0 563 | 25,000 | 25,000 601.5 | 1624 0.239 0.338 1.41 
8Si12 0.673 | 28,000 24,500 468 1636 0.186 0.340 1.83 
3Si13 0.698 | 20,350 19,600 780 2220 0.311 0.461 1.48 
3Si14 0.822 | 30,800 | 30,300 542 1765 0.216 0.368 171 
3Si31 1.71 30,150 | 24,700 440 1292 ORL 0.269 1,54 
38Si18 1.741 | 33,000 | 26,300 416 1112 0.166 0.232 1.40 
3Si27 2.73 46,800 | 46,000 404 1260 0.161 0.262 1.63 
3Si25 3.40 63,300 | 46,500 280 1025 0.112 0.213 1.90 
3Si36 3.55 36,000 | 29,500 419 1157 0.167 0.240 1.44 
3Si37 4.39 25,700 | 15,400 591 1819 0.235 0.378 1.61 
3Si28 4.44 30,200 | 15,900 405 1176 0.161 0.244 1.52 
3Si29 4.92 12,200 7,040 780 2620 0.311 0.545 1.75 | 


material, which saturates at an induction between B = 10 000 
and B=15,000, after which the flux goes intoa material having 
a high hysteresis loss, or there is some inaccuracy of test. The 
losses themselves are very low. For regular 34 per cent silicon 
steel a fair average figure of 7 at B = 10,000 would be 0.7 x 
10%. At B = 15,000 we would expect 30 per cent higher. 
The results given in this paper show only about one-third 
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of the hysteresis loss of ordinary transformer steel. The cal- 
culations of rods annealed at 900 deg. cent. are given in Table 
II. This anneal gives much lower values of maximum per- 
meability also ratios of 7 which are comparable with our ex- 
perience with present materials. 

It would be of interest to note results of tests on ordinary ma- 
terials made by using Mr. Yensen’sapparatus. Asnone are given 
in the present paper, I ask the liberty to quote some results re- 
cently published by Mr. Yensen in the General Electric Review.* 
Table III gives some of these tabulated results together with 


TABLE II. 
RODS ANNEALED AT 900 DEG. CENT. 
Perm. Hysteresis Values for 7 
B= B= B= Bs B= 
Sample Si. Max. 10,000 | 10,000 | 15,000 10,000 15,000 | Ratio 
3-54 0.001 | 23,100 | 21,800 764 1610 {0.302 X104/0.335 10-3] 1.11 
3-55 0.001 | 22,500 | 21,300 875 1790 | 0.348 0.372 1.07 
3Si16 0.01 25,000 | 25,000 795 1770 |0.317 0.368 1.16 
3Si15 0.064 | 22,800 | 21,700 782 1738 |0.311 0.362 iad 
3Si05 0.068 | 37,500 | 36,300 405 1210.5} 0.161 0.252 1.56 
3Si06 0.148 | 47,000 | 42,500 396.3 965 |0.158 0.201 127 
3Si17 0.230 | 30,000 | 26,300 496 1311 |0.198 0.273 1.38 
3Si10 0.472 | 14,000 | 12,700 960 1863 | 0.382 0.388 1 02 
3Si14 0.822 | 13,500 | 13,300 1215 2432 |0.484 0 506 1.33 
3Si31 llega 18,000 | 15,900 800 1541 |0.318 0.321 1.01 
3Si18 1.741 | 14,300 | 14,100 | 935 2162 |0.372 0..450 ib PaU 
3Si27 2273 16,800 | 13,300 821 1779 |0.327 0.370 1.13 
3Si25 3.40 20,000 | 15,900 560 1390 | 0.223 0.289 1.30 
38136 3.55 14,000 8,850 802.5 1812 | 0.319 0.377 1.18 
3Si37 4.39 12,750 7,500 846 1956 | 0.337 0.406 1.21 
3Si28 4.44 16,100 | 10,100 623 1575 |0.248 0.328 ey) 
3Si29 4.92 9,100 5,330 776 2006 | 0.309 0.417 1.35 


my calculations of n. Here we find the ratio of hysteresis 
losses for commercial grades of steel to be less than unity, or 
in other words, flux passes through hard material before going 
through paths of less reluctance. These ratios quite disagree 
with our present conceptions and are entirely contrary to our 
wide experience with these materials. 

By adding results of samples having the highest permea- 
bility as given in the paper and plotting maximum permeability 


iad AQ wid Gat, LN Loo a= oe ae 
*" The Iron-Cobalt Alloy FeeCO and its Magnetic Properties.”’ T. D, 
Yensen. G. E. Rev. Vol, XVIII, 1915. pp. 881-887. 
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against » we find a curve showing low permeability for high 
hysteresis, which has often been observed. However, by plotting 
maximum permeability against the ratio of n’s we see the greater 
maximum permeability the more unusual this ratio. These 
curves are shown in Fig. 1. 

Analyses of Permeability. Results. One of our strongest 
methods of attack for certain problems is by use of the re- 
luctivity curve which is the reciprocal of the permeability 
plotted against H. From maximum permeability this ap- 
proximates a straight line as has been pointed out upon several 
occasions.* 

A typical reluctivity curve is shown in Fig. 2. 

The reluctivity, p, is given by the equation p=a+odH 


TABLE III.* 
es 
Hysteresis 7 
Max. 
permea- B= B= B= B= 

Specimen bility 10,000 15,000 10,000 15,000 Ratio 
Pure Iron (Vac.)...| 22,800 820 1700 | 0.326 x10-| 0.354 x10-3 1.09 
Fe, Co. (Vac.)..... 13,200 1460 3200 |0.582 0.666 1.14 
Com. GRADES. 
Trans. Steel....... 3,850 3320 5910 | 1.32 1.23 0.93 
4%SiSteel........ 3,400 2260 3030 | 0.900 0.631 0.70 
SwedishIron...... 4,850 2490 4530 | 0.992 0.944 0.95 
Pure Iron (Vac.)...| 24,300 686 1655 |0.273 0.345 1.26 
Fez Co. (Vac.)..... 8,800 2230 4400 | 0.888 0.916 1.03 
A. I. E. E. Paper. 
0.015%Si (Vac.)...} 66,500 286 916 | 0.114 0.191 1.67 
3.40% Si (Vac)....| 63,300 280 1025 | 0.112 0.213 1.90 


*From General Electric Review, August 1915, p. 884. 


wherein @ is a constant representing the distance from the 
X axis to the intercept of p — H curve if continued along the 
straight line, and o a constant representing the slope of the 
line. The constant o has also been named the coefficient of 
“magnetic saturation because its reciprocal gives the value of 
absolute saturation of metallic induction. 

In Fig. 2 we have two straight lines, the break is at about 
H = 80. There may be more than one change in the slope 


*“ Magnetic Reluctance.”” A. E. Kennelly, Trans. A.I.E.E., Vol. VIII, 
1891, pp. 485-517. 
‘On the Law of Hysteresis.’ C. P. Steinmetz, Trans. A. I. E.E., Vol. 


1X, 1892. pp. 625 et seq. 
““Reluctivity of Silicon Steel’, J. D. Ball, G. E.Rev., Vol., XVI, 


1913. pp. 750-754. 
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of a complete curve, depending upon the heterogeneity of the 
material. Examining the curve we note that from maximum 
permeability to about H = 80 most of the flux enters a part 
of the material having an ultimate saturation of B = 17,000, 
then as this saturates the additional flux passes through ma- 
terial whose ultimate saturation is in the neighborhood of 
B = 20,000. Tests made at very high magnetizations by use 
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of the isthmus method,* check ultimate saturation values as 
i 
found by Px of the p curve taken at moderate field strengths. 


To find the slope of the p - H curve, itis of course best to have 


““*See “ Blectieel'Psoneriine oe 1c Ai cna aaa ee 
*See ‘‘ Electrical Properties of Iron and its Alloys, in Intense Fields. 
Sir Robt. Hadfield and Prof. B. Hopkinson, Journ, I. E. E., Vol. 
LVI, 1911, pp. 235-306, etc. 
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several points, but as in Mr. Yensen’s paper we have per- 
meability results at only two points. I have analyzed the 
reluctivity curves and found ultimate saturation values from 
the values given at maximum permeability and B = 10,000. 
This method is not ideal but should give good average results. 
For comparison I have taken some regular material and analyzed 


TABLE IV. 


ANALYSES OF COMMERCIAL STEELS. 
ee 


At Maximum Permeability. _ At B = 10,000 
Sample B B Ah p B H p 
1 5880 4000 0.68 1.70 10-4 3830 2.61 2.61 10-4 
2 6020 5000 0.83 1.66 3760 2.66 2.66 
3 5810 5000 0.86 ee 3660 2.73 | 2.73 
4 5100 5000 0.98 1.96 2950 3.39 | 3.39 
5 5440 5000 0.92 1.84 3270 3.06 3.06 
56 5000 5000 1.00 2.00 2600 3.85 3.85 
68 4720 5000 1.06 22, 2790 3.58 | 3.58 
1961 5040 6000 1.19 1.98 3450 2.90 | 2.90 
Av. of 22 6000 6000 1.00 1.67 3850 2.60 | 2.60 
6679 5380 5000 0.93 1.86 3200 3.12 3.12 
2670 5170 6000 1.16 1.93 3560 2.81 2.81 
1078 5610 6000 1.06 1.78 3700 2.70 2.70 
1112 5230 8000 1.53 1.91 4200 2.38 || 2.88 
6724 6020 5000 0.83 1.66 3950 2.53 2.53 
1092 5550 6000 1.08 1.80 4020 2.49 | 2.49 
1062 5040 6000 1.19 1.98 3510 2.85 | 2.85 
6681 5260 5000 0.95 1.90 3390 2.95 | 2.95 
2776 4650 6000 1.29 ello 3530 2.83 | 2.83 
1962 3140 6000 1.19 3.19 2325 4.30 | 4.30 
Sank* 2650 5300 2.0 3.78 1820 5.5 5.5 } 
Wtet 8340 6200 0.74 1.20 3920 2.58 | 2.58 
Londt 1670 8350 5.0 5.99 1470 6.8 6.8 
Flem§ 3330 6670 2.0 3.0 2380 4.2 4.2 


*Sankey’s transformer steel, Morris and Langford, Lond. Elect. Vol. 67, page 776. 
{Test on steel taken from commercial transformer. 

tSilicon steel, Lond. Elect. Vol. 66, page 539. 

§Sankey’s iron, J. A. Fleming, Proc. Royal Soc. Vol. 60, page 1896 


it by using these two points. Table IV shows the per- 
meability B, H and p for these two points. The first group 
of nine samples is for high silicon steel containing from 3.5 
to 4 per cent silicon. The first eight lines are individual samples 
and the “‘av.” is an average of 22 samples taken from material 
carefully tested during the last year or so. The next group 
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of eight samples is of medium silicon steel containing about 
23 per cent Si. The-next two samples are for carbon iron. 
The last four samples are from published results. If time had 
permitted I should have included more of these but have taken 
the first four which happened to be at hand. 

The analyses to find o, a and ultimate saturation are given 
in Table V. Doubtless the p curve bends beyond B = 10,000 
and approaches a saturation value of about B = 22,000. 


TABLE V. 
ANALYSES OF COMMERCIAL STEELS. 


A 

Sample Ap Ae Stes ° io Pio-9"Hig =a Ind 

AF Sat 
pk 0.91 x10-4 1.93 0.471 X10-4 | 1.23 «10-4 1.38 x10-4 21,240 
2 1.00 1.83 0.546 1.54 112 18,310 
3 1.01 LISt 0.540 1.48 1.25 18,520 
4 1.43 2.41 0.593 2.01 1.38 16,850 
5 1.22 2.14 0.57 1.75 PDI 17,550 
56 1.85 2.85 0.649 2.50 1.35 15,400 
68 1.46 2.52 0.579 2.07 1.51 17,270 
1961 0.92 eral 0.538 1.56 1.34 18,580 
Av. of 22] 0.93 1.60 0.581 1.51 1.10 17,200 
6679 1.26 2.19 0.575 1.79 1.33 17,400 
2670 0.88 1.65 0.553 1.50 1.31 18,750 
1078 0.92 1.63 0.564 1,52 1.18 17,730 
1112 0.47 0. 85 0.553 1.32 1.06 18,075 
6724 0.87 il 40) 0.512 1.30 1.23 19,530 
1092 0.69 1.41 0.489 1.22 1.27 20,440 
1062 0.87 1.66 0.524 1.49 1.36 19,080 
6681 1.05 2.00 0.525 Loo! 1.40 19,050 
2776 0.68 1.54 0.442 1.25 1.58 22,600 
1962 1.11 2.39 0.465 2.00 E 2.30 21,500 
Sank 1.72 3.5 0.492 2.71 2.79 20,350 
Wtg. 1.35 1.84 0.734 1.89 0.66 13,600 
Lond. 0.81 1.8 0.45 3.06 3.74 22,200 
Flem. 1.2 2.2 0.545 2.29 1.91 18,300 


ee eee 


The method of making these analyses is comparatively 
simple. The differences of the reluctivity values for two 
points divided by the difference of the value of H, gives us a, 
the slope of the line. The indicated saturation is the reciprocal 
of o. The slope, oa, times H at any point subtracted from p 
at that point gives us the intercept a. 

Table VI gives wu, H and p results for Mr. Yensen’s rods 
annealed at 1100 deg. cent. Table VII gives the analyses. 
Here we find according to these tests, for a short time at least, 
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flux is going through material having an ultimate saturation 
of from 15,800 (which is consistent), to an ultimate saturation 
value of B = 140,000, which is over six times any value ever 
before obtained. The amount of variations between samples 
is also unusual. The values of a also show unusual variations, 
but this latter may be correct. 


TABLE VI. 
RODS ANNEALED AT 1100 DEG CENT. 
At Maximum Permeability. At B = 10,000 
Sample 
“ B H p # H p 
3-54 22,800 8,000 0.351 0.439 x 10-*} 21,300 0.469 |0.469x 104 
3-55 25,800 9,000 0.349 0.388 25,600 0.391 0.391. 
3Si16 29,000 9,000 0.310 0.345 28,670 0.349 |0.349 
3Si21 27,000 10,000 0.370 0.370 27,000 0.370 |0.37 
3Si15 36,800 9,000 0.244 0.272 36,300 0.275 0.275 
8Si05°>| 44,200 9,000 0.204 0.226 43,500 0.230 |0.23 
3Si22 45,250 9,000 0.199 0.221 43,500 0.230 |0.23 
3Si06 66,500 6,500 | 0.0978 |0.150 41,700 0.240 |0.24 
3Si23 30,200 9,000 | 0.298 0.331 29,500 0.339 |0.339 
3Si07 36,500 7,500 | 0.205 0.274 33,000 0.303 |0.303 
3Si08 44,500 9,000 | 0.202 0.225 43,500 0.230 | 0.230 
3Si09 22,500 9,000 } 0.400 0.445 22,000 0.455 |0.455 
3Si10 31,150 6,200 0.199 0.321 25,000 0.400 -|0.40 
3Sill 25,000 9,000 | 0.360 0.400 25,000 0.400 |0.40 
3Si12 28,000 7,000 0.250 0.357 24,500 0.408 |0.408 
3Si13 20,350 8,000 0.393 0.491 19,600 0.510 |0.510 
3Si14 30,800 9,500 0.308 0.325 30,300 0.330 |0.33 
3Si31 30,1507 6,500 0.215 0.332 24,700 0.405 |0.405 
3Si18 33,000 7,000 0.212 0.303 26,300 0.380 0.380 
3Si27 46,800 9,500 0.203 0.214 46,000 0.217 |0. 217 
3Si25 63,300 6,500 0.1026 |0.158 46,500 0.215 |0.215 
3Si36 | 36,000 7,500 0.208 0.278 29,500 0.339 |0.339 
3Si37 25,700 6,000 0.233 0.389 15,400 0.649 0.649 
3Si28 30,200 3,000 0.099 0.331 15,900 0.629 |0.629 
3Si29 12,200 5,000 0.410 0.820 7,040 1.420 1.42 


Tables VIII and IX give similar analyses for rods annealed 
at 900 deg. cent. Here again we have remarkable saturation 
values, etc. 

These analyses would indicate that there may be something 
wrong somewhere and undoubtedly the trouble is in the test. 
The Burrows apparatus which was used, is the standard method 
recommended by the U. S. Bureau of Standards and also the 
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standard of the American Society for Testing Materials. Its 
accuracy for permeability of ordinary magnitude has been 
accepted, but at these high values I am inclined to question 
its reliability. There is a considerable amount of m.m.f. and 
energy supplied to the system in the so-called J or compensating 
coils of which no account is taken in the test. When the per- 


TABLE VII. 
RODS ANNEALED AT 1100 DEG. CENT. 


Ap , 
Sample Ap AH =o ° Ao Pio—? Hio=a| Ind. 
AH Sat. 
3-54 |0.030X10-} 0.118 |0.264 x 10-4] 0.119 x10-4] 0.350 x10-4 39,400 
3-55 | 0.003 0.042 |0.0714 0.0279 0.363 140,000 
3Si16 | 0.009 0.039 | 0.0816 0.0285 0.320 122,500 
3Si15 | 0.003 0.031 | 0.0967 0.0266 0.248 103,300 
OSi05 |0.004 0.026 |0.154 0.0364 0.194 65,000 
3Si22 | 0.009 0.031 |0.290 0.0668 0.163 34,500 
3Si06 | 0.09 0.142 |0.634 0.152 0.088 15,800 
3Si23 | 0.008 0.041 |0.19 0.0644 0.275 52,600 
' 3Si07 10.029 0.098 | 0.296 0.0897 0.213 33,800 
3Si08 |0.005 0.028 |0.179 0.0411 0.189 56,000 
3Si09 | 0.010 0.055 |0.182 0.0828 0.372 55,000 
3Si10 | 0.079 0.201 |0.393 0.157 0.243 25,400 
3Si12. | 0.051 0.158 | 0.323 0.132 0.276 31,000 
8Si13  |0.019 0.117 |0.162 0.083 0.427 61,600 
3Si14. | 0.005 0.022 |0.227 0.0728 0.257 44,000 
3Si31 | 0.073 0.190 |0.384 0.155 0.250 26,000 
3Si18 | 0.077 0.168 |0.458 0.174 0.206 21,800 
3Si27 | 0.003 0.014 |0.214 0.0465 0.171 46,700 « 
38125. | 0.057 0.112 | 0.509 0.109 0.106 19,700 
38136 | 0.061 0.131 | 0.466 0.158 0.181 21,500 
3Si37 | 0.26 0.416 | 0.624 0.405 0.244 16,000 
3Si28 | 0.298 0.530 |0.563 0.354 0.275 17,800 
3Si29 |0.6 1.010 |.0.594 0.844 0.576 16,800 


ae ee ee eee 


meability is very large the energy supplied by these coils may 
be sufficient to affect results. This would mean that any 
error would be in the direction which would show high per- 
meability and too low hysteresis loss. 

Of course, we must appreciate the fact that this analysis 
for ultimate saturation is not entirely dependable. If more 
points were available, or if the points given were further apart, 
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TABLE VIII. 
RODS ANNEALED AT 900 DEG. CENT. 
At Maximum Permeability. At B = 10,000. 
Sample 
# B H p # H p 
3-54 | 23,100 8,500 | 0.368 |0.433%10-4] 21,800 0.459 |0.459x 10-4 
3-55 22,500 11,000 | 0.489 |0.445 21,300 0.469 |0.469 
3Si16 25,000 10,000 | 0.400 |0.400 25,000 0.400 | 0.400 
3Si15 22,800 10,000 | 0.439 |0.439 21,700(?} 0.461 |0.461 
3Si05 37,500 9,000 | 0.240 |0.267 36,300 0.275 |0.275 
3Si06 47,000 8,000 | 0.170 |0.213 42,500 0.235 | 0.235 
3Si17 30,000 6,000 | 0.200 | 0.333 26,300 0.380 |0.380 
3Si10 14,000 7,000 | 0.500 |0.712 12,700 0.788 |0.788 
3Si14 13,500 9,000 | 0.667 |0.740 13,300 0.752 |0.752 
3S8i31 18,000 7,000 | 0.389 |0.556 15,900 0.629 |0.629 
3Si18 14,300 8,000 | 0.559 |0.700 14,100 0.709 |0.709 
3Si27 16,800 6,000 | 0.357 | 0.595 13,300 0.752 |0.752 
3Si25 20,000 6,000 | 0.333 |0.500 15,900 0.629 | 0.629 
3Si36 14,000 4,500 | 0.321 |0.714 8,850 1-130 |e 13 
3Si37 12,750 4,500 | 0.353 |0.784 72500) \setesa0malelasa 
38i28 16,100 4,800 | 0.298 |0.621 10,100 0.991 |0.991 
3Si29 9,100 4,500 | 0.495 |1.098 5,330 1.875 |1.875 
TABLE IX. 
RODS ANNEALED AT 900 DEG. CENT. 
AP 
Sample A p Wt x =0d 9 Ai0 Pio—? Hi10 Ind. 
H =a Sat. 
3-54 |0.026x10-/0.091 0.286 X 10-4] 0.131 x10-4/ 0.328 10-4] 35,000 
3-55 
3Si16 
3Si15 
3Si05 | 0.008 0.035 | 0.229 0.0629 0.212 43,700 
3Si06 | 0.022 0.065 |0.339 0.0796 0.155 29,500 
3Si17 | 0.047 0.180 |0.261 0.0992 0.281 38,300 
3Si10 |0.076 0.288 |0.264 0.208 0.580 37,900 
3Si14 |0.012 0.085 |0.141 0.102 0.650 70,800 
3Si31 |0.073 0.240 | 0.304 0.191 0 438 32,900 
3Si18 |0.009 0.150 |0.600 0.04254 0.666 167,000 
3Si27 | 0.157 0.395 |0.397 0.288 0.464 25,100 
83Si25 |0.129 0.296 |0.436 0.274 0.355 22,900 
3Si36 |0.416 0.809 |'0.514 0.581 0.549 19,500 
38i37 10.546 0.977 |0.559 0.744 0.586 17,900 
3Si28 |0.370 0.693 | 0.534 0.529 0.462 18,700 
38129 |0.777 1.380 |0.563 1.055 0.820 17,800 
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we would have more reliable and in this case doubtless more 
consistent results. At the point of maximum permeability, 
or minimum reluctivity, the slope of the p — H curve is 0 and 
the indicated saturation is. As the second point taken 
approaches the maximum permeability we are likely to lead 
into errors. In many of Mr. Yensen’s results, the induction 
at which maximum permeability occurs, is closer to B = 10,000 
than would entirely warrant the point at B = 10,000 as a 
second point to determine the line if others were available. 
In order to examine this feature I plotted B at maximum iv 
against indicated saturation. Fig. 3 shows the points and 
we see a tendency to higher indicated saturation values as 
the points are closer together. However, at B = 8000 we get 
saturation of 167,000 and at B = 9500 nothing over 47,000. 
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At B = 9000 we get from 34,000 to 140,000 and our values for 
regular materials are consistent. Therefore we can see the 
analysis is reasonably correct at the points taken. I am giving 
these figures for what they are worth. In all probability the 
correct view to assume is that the permeability values are 
actually neither as inconsistent as my figures show nor as 
good as Mr. Yensen obtains from his test. 

It would be interesting to see if these analyses show any 
dependence between maximum mM and indicated saturation. 
We know for ordinary materials there is none. For steel 
alloys we have a nearly constant value of ultimate saturation. 
We may approach this value quickly (for instance, by adding 
titanium) or very slowly as in the case of some tungsten-steel 
alloys. The maximum permeability varies accordingly. In 
the present case the plot of indicated saturation and maximum 
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permeability as given on Fig. 4 shows no interdependence, 
which is as would be expected. 

We have sometimes found materials which were apparently 
exceptionally good, to age very rapidly, and I should like to 
ask Mr. Yensen if he has made tests of this character on this 
material. 

It is a well-known fact that rods show better magnetic prop- 
erties than sheet steel. I would therefore like to ask if there 
are any results on this material in sheet form as it is mostly used 
in the industries. 

I do not wish to fail in pointing out that these results are 
very good and that the paper is very valuable. The points 
which I have given are not to show that the investigation is 
not excellent, but that the magnitudes of the magnetic im- 
provement as given by the test results are too high. 


mie Se ea 
a ro 
160,000 | 
140,000 + * 
120,000} —- t 
e at ay. 
é | 
5 100,000 + + 
a 
2 
& 80,000} ——- ] 
a 2 
t 
60,000 is 1 ‘— 
Ne ? 
40,000} —|—}—3} sl a ‘= 
mE | 
20,000 al" { Saas ous ew | 
_} | 


Cy) Le | 
(0) 10,000 20,000 30,000 40,000 50,000 60,000 70,000 
MAXIMUM 1 


Fic. 4—INDICATED SATURATION CURVE 


In checking hysteresis by the Burrows+method, you drop 
from one compensating point to another, and you go to your 
maximum B and then you go down on the loop. I ask Mr. 
Yensen, in compensating, when he goes from an induction of 
10,000 to say, 8000, if he drops from a predetermined position 
on the normal induction curve or whether he compensates for 
the difference in the change of flux. It necessarily cannot 
follow the same path, for if even the test sample and the 
auxiliary sample may, yet the yokes, having different per- 
meability, cannot. I ask if any one knows of errors of that 
kind. Mr. Yensen loaned to my colleague, Mr. Ruder, one 
of these samples, and one was sent to the Standardization 
Laboratory, where Mr. Robinson had it tested. We tested 
it and made a change by having the compensated coils next 
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to the sample. We tested it in that manner. In-this case 
the error due to the compensated coils was less. The tests 
indicated that the results Mr. Yensen obtained and those we 
obtained were practically identical, one is 74,000 and the other 
is 68,000, and when you talk of permeabilities of that magni- 
tude we appreciate that a little matter of 2000 or 3000 does 
not amount to anything. That does not prove the material is 
that good, but proves it on the order of magnitudes indicated 
by these tests. 

Thomas Spooner: Mr. Burrows, according to his original 
article, suggests that the compensating winding be placed 
approximately half way from the center to the yoke. Judging 
from Mr. Yensen’s diagram, he has his compensating winding 
out pretty near to the yoke. It seems to me that placing the 
compensating winding so far out would tend to increase the 
compensating current in certain coils and consequently would 
decrease the main magnetizing current. I do not know whether 
that accounts for the high permeabilities obtained by Mr. 
Yensen or not. I offer it as a suggestion. 

Morgan Brooks: It is my understanding that the Stein- 
metz law which calls for a coefficient of 4.6 is an empirical 
formula derived from specimens of iron examined at the time 
the formula was developed and for frequencies within the 
range of commercial practise. I think it is quite possible that 
Steinmetz’s formula should not be held to apply to any of this 
material of Mr. Yensen’s, which is far outside of any com- 
mercial iron which was available at the time that Steinmetz 
developed his formula. 

M. G. Lloyd: In looking over this paper, a doubt arose in 
my mind as to the particular figures found. I do not think, 
however, that is a very important point, as there seems to be 
no doubt that the material has characteristics at least in the 
direction of the results found, whether the particular numerical 
values are accurate or not. That is the principal matter of 
interest in connection with these alloys. I felt that too much 
dependence was naturally put upon the exact numerical values, 
and I must say that Mr. Ball’s analysis has confirmed that 
in my mind to some extent, in spite of what Prof. Brooks has 
said. I think it should be remembered in this connection that 
the Burrows method of testing, which has been used here, is 
most suitable to material of low permeability and least suited 
to material of exceptionally high permeability, such as is in- 
volved in these measurements. The errors would naturally 
be larger in the cases here under consideration. It must be 
remembered that the computed errors which have been men- 
tioned by Mr. Yensen apply to a condition in which certain 
assumptions are required, and there is no assurance whatever 
that these assumptions are fulfilled in the particular cases. 
If they are not fulfilled the computed correction for errors of 
course does not hold. I doubt very much whether the assump- 
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tions made for determining that correction are actually ful- 
filled, and they would probably be least completely fulfilled 
in material such as is considered in the paper, that is, material 
which departs so very widely from the material used in the 
yoke, for instance. I consequently feel ‘that too much de- 
pendence should not be put upon the numerical values obtained. 

In regard to the industrial application of the vacuum in 
treating the material, it seems to me that this vacuum treat- 
ment is especially necessary when treating the very pure elec- 
trolytic iron, and that the importance of the vacuum treat- 
ment would not be nearly so great in ordinary commercial 
material. Such material already has impurities in it, and 
would not be affected in the same way, so that the applica- 
tion of vacuum would not be of industrial importance, unless 
the electrolytic iron were also to be used industrially. 

While the percentage of silicon seems to have a considerable 
effect upon the magnetic induction and permeability found in 
particular values of the magnetizing field, it seems that with 
respect to hysteresis there is not very much dependence on 
the amount of silicon present in the alloy; in other words, it is 
the treatment of the material rather than the silicon content 
that has the greatest effect on hysteresis. That means, of 
course, from the industrial standpoint, that percentage will be 
selected that is most easily handled mechanically, and most 
easily manufactured. 

In comparing these silicon steels with the commercial ma- 
terial, Mr. Yensen found they were about eight times as good, 
as regards hysteresis at a flux density of 10,000 gausses. It 
seems to me that is not comparing it with the best commercial 
material. ' I referred back to some figures I obtained five or 
six years ago, and instead of being eight times as good, I found 
it would only be five times as good as some of the commercial 
material I tested at that time. I have not made any recent 
tests to find out how much the material has been improved, 
as used commercially since that time, but certainly it ought 
not to be any worse than it was then, so that the proportion 
should hardly be taken to be as great as indicated. 

L. T. Robinson: As to whether the values given are numeri- 

cally correct or not is not very important. We are certainly 
very definitely assured that these values are much higher 
than anything we have previously had announced. 
_ There certainly is no question but that the values you would 
obtain with these compensating coils are lower than the real 
values, and under such conditions, that is, without compensation 
at all for the yoke, we got the value of 29,000. This shows 
beyond question that the real value is somewhere between 
29,000 and 68,000. 

With reference to the Burrows method, it is not out of the 
way to express a doubt as to what the method may do under 
certain very abnormal conditions which did not exist at the 
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time when it. was developed and which undoubtedly could 
not be taken into account at the time the original work was 
done. 

In regard to the ratio of 10,000 to 15,000 in hysteresis values, 
something might be*said also, that is, there may be character- 
istics in the material that do not lend it to quite the same 
analysis you would give to the ordinary sample. 

The most interesting point to me is the one covered by Mr’ 
Wooldridge, and that is the question of what becomes of material 
like this when it is rolled into sheet. The fact has already 
been noted and referred to that you can get much higher re- 
sults in the rod and in the ingot than you can after it has been 
put into sheet, which is the form in which you are most in- 
terested in the material, and I hope that Prof. Yensen can in 
Some way cover that point. Depending on the results obtained 
by such tests, will come the usefulness or non-usefulness of 
the material in practical work. ‘The eddy losses in the ma- 
terials, as not being a direct function of the resistivity, I have 
referred to many times before. I would like to see some ade- 
quate expanation offered of why, in materials which have the 
same thickness, the same characteristics, and may be in an 
apparatus of the same design, etc., there is a great discrepancy 
between the eddy losses and the resistivity. When we have 
such great discrepancies right along a line where we feel we 
have correct formulas and are practically familiar with the 
results, and when it does not check up better than 2 to 1, and - 
we know of no adequate explanation we can offer, I think we 
are in no position to be very critical on results obtained on 
absolutely new material. 

N. W. Storer: [ hope that Mr. Yensen’s work will result 
in far-reaching changes in our apparatus—not that we are 
anxious to change it—but if we can make such improvements 
as are foreshadowed by these tests, it will pay us very very 
richly to do it. The great question is whether it will be com- 


especially if it can be cbtained at high densities. It would 
make a very substantial improvement and great reduction 
in the weight of much of our apparatus. We are looking for 
just such things. If we could only find some one who will 
incréase the conductivity of copper in the same ratio, think 
where we would land. Everything would be revolutionized. 


the greatest extent. 


J. D. Ball: The analysis I made was intended primarily for 
the purpose, not of showing it was absolutely correct, but to 
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point out the fact that a great deal of investigation has been 
done along the lines of this analysis, which has applied to our 
known materials, and therefore if this analysis is not correctly 
applied to this other material, it is necessary and interesting 
from the standpoint of a physicist to know it. I do not as- 
sume the analysis is absolutely correct for this material. It 
simply means one of two things—either the tests given are 
not correct according to the analysis or the analysis is wrong. 
We know the analysis is right for all material we have known 
up to date. It is very interesting to know if this analysis 
should not apply for this new material. 

C. W. Burrows and R. L. Sanford (by letter): Mr. Yensen has 
pointed out the very marked influence of strain on values 
obtained in magnetic measurements. Similar strain effects 
have also been noticed both by us in our work, and also by 
other investigators. This strain effect seems to be accentuated 
in the high permeability material. He also points out the 
possibility that the correction to be added to the observed value 
of magnetizing force due to the current in the compensating 
coils of the Burrows permeameter should be. greater than the 
calculated value. This point is well taken. The magnetizing 
force which the compensating current exerts is not constant 
throughout the space enclosed by the center test coil but it 
is a minimum at the center of the coils and greatest where 
the end turns are located. Consequently the calculation of 
the force at the center must necessarily give a value which is 
too low. The original description of this method was written 
at a time when permeabilities of 20,000 were unknown and 
it was supposed that this correction would not have to be 
applied. When correction must be made for the magnetizing 
effect of these end coils, the exact correction factor must be 
obtained experimentally, by measuring the magnetizing flux 
in the center test coil due to a given current in the compensat- 
ing coils. Experimental values have been obtained in coils of 
approximately the same constants as those used by Mr. Yensen 
and the results show that the correction should be greater than 
that indicated by the calculations, though not so much greater 
as would seem to be indicated in the paper. This may be 
attributed to the fact that the assumptions made in the cal- 
culations are not fully met, and also to the effect of the yokes. 
In the case of coils 30 cm. long, the correction as calculated 
was 0.093 times the current in the compensating coils, while 
the experimental value was approximately 0.11 for the coils 
alone and 0.14 with the yokes in place but without test speci- 
mens. 

One point that has very great influence on the accuracy 
of magnetic measurements on straight bars is the degree of 
magnetic uniformity of the specimen along its length. All 
precision methods for magnetic measurements on straight bars 
assume uniformity along the length of the specimen. If this 
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assumption is not met, errors are introduced which are im- 
possible to calculate or eliminate and may be of considerable 
magnitude. It is therefore important that bars which are to 
be used as standards for the comparison of different methods 
or whose properties it is desired to measure with great accuracy 
should first be examined for magnetic uniformity. 
Uniformity measurements are made at the Bureau of Stand- 
ards by observing the distribution of magnetic leakage along 
the length of a specimen when it is magnetized between the 
poles of a suitable electromagnet. A double test coil, the two 
halves of which are wound oppositely and at a fixed distance 
apart, is slipped over the bar. 
When this is connected to a 
ballistic galvanometer and the 
magnetizing current is re- 
versed, the galvanometer de- 
flection is proportional to 
the difference in flux between 
the points under the two 
halves of the test coil, or 
what is the same thing, to 
the magnetic leakage over 
that region. Readings are 
taken with the coil in differ- 
ent positions along the length 
of the bar and the results 
plotted asin Fig. 5. Experi- é _- 
ment has shown that if the | Region B Region A 
bar is magnetically uniform 
the leakage, except for points 
near the ends, will be repre- 
sented by a straight line with 
a certain slope, depending on 


Uniform 
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near the middle. 3 Si 05 is very far from uni- 


which is the leakage per cm., form and 3 Si 22 has soft spots near the ends. 


gives for a uniform bar a 
straight line parallel to the axis except very near the ends, 
where the leakage is affected by the pole of the electromagnet. 
This is shown in the first curve. If there are magnetically 
hard or soft spots in the bar they will be indicated by devia- 
tions from a straight line. An increase in the leakage per cm. 
indicates that the test coil is approaching a hard spot, while 
the approaching of a soft spot is indicated by a decrease in 
leakage. 

An example of the location of such a magnetic non-uniformity 
is shown by the second curve in Fig. 5, and its effect on the 
normal induction measurements is given in Fig. 6. The ex- 
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amination for uniformity shows a soft spot near the middle 
of the bar. This bar is about 35 cm. long. When it was 
measured in coils 20 cm. long and with the test coil over the 
middle region of the bar, the curve obtained was the one 
marked Region A. When the bar was moved over so that one 
end was flush with the yokes the curve marked Region B was 
obtained. The per cent difference in magnetizing force re- 
quired to produce the same induction reaches a value in this 
case as high as 15 per cent. A detailed description of this 
method of examination for magnetic uniformity and the effect 
of non-uniformities on magnetic measurements is to be the 
subject of a paper by one of the writers. 

Mr. Yensen has very kindly 
loaned to the writers two of his 
iron-silicon bars and they have 
been examined for uniformity 
with the results indicated in 
Fig. 5. The bars were marked 
35105 and 35122. In the figure, 
uniformity curves are given for 
a uniform bar, for bar No. 194, 
the results for which are shown 
in Fig. 6, and for the two bars 
35105 and 3Si22. It is readily 
apparent that 358105 is very 
non-uniform. Bar 3Si22 is not 
so bad but still is far from 
uniform. In order to gain an 
idea of the effect of these 
non-uniformities, measurements 
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MENTS. 


The test coil was over the regions A and 
B as indicated for Bar No. 194 in Fig. 5. 
There is a magnetically soft spot inregion A 


cated in the figure. 
following table. 


were made in coils 20 cm. long 
so that the test coils could en- 
circle different regions of the 
bars. These regions are indi- 


The results obtained are given in the 


H, for B = 10,000. 


Sample Position A. 
194 5.47 
3Si05 0.32 
3Si22 0.37 


Pei cent 
difference in H. 
Position B. 
6.28 15. 
0.38 17 
0.34 8 


It will be seen that the values are in agreement with what 


is indicated in Fig. 5. 


For No. 194 in position A the test coil 
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is over a soft spot and consequently in this position a higher 
permeability is shown. For 35105, position A is over a soft 
region and position B over a harder region and the indication 
is for a higher permeability at A than at B. In 3Si22 the 
conditions are reversed as there is a soft spot at B and con- 
sequently a higher measured permeability. 

These results are to be expected from a consideration of 
the fact that these hard spots and soft spots with the resulting 
leakage will cause consequent poles which in general cannot 
be neutralized by compensation. These poles exert magnet- 
izing forces on the specimen, varying according to the nature, 
position and extent of the non-uniformities, which can neither 
be calculated nor eliminated. It would not be surprising 
therefore to obtain with such bars different values, even when 
measured by the same method, if the constants of the apparatus, 
especially the location and extent of the test coils, are different. 

T. D. Yensen: In the first place, Mr. Spooner asked re- 
garding the possible connection between magnetic permeability 
and large crystals. I do not think from the results we have 
obtained that we can say that there is any such connection. 
I would like to call your attention to the photomicrographs. 
You will notice in Fig. 18c, the photomicrograph of pure iron 
exhibits very fine crystals after the 1100 deg. cent. annealing. 
The crystals from the previous annealing have been broken 
up into comparatively very fine crystals. You will also notice 
that this is the case with all the low silicon alloys, containing 
less than 1 per cent silicon. Passing on to Figs. 23 and 26, 
representing the 3.4 percent alloy, it is seen that this alloy 
has very large crystals, but it has nevertheless nearly as high 
a minimum permeability as any of the alloys. Figs. 27c and 
28c, representing the highest silicon alloys, exhibit crystals 
that are just as large, if not larger than the crystals shown 
in Fig. 28, but the magnetic permeability is very much lower 
than the permeability of the alloy represented by Fig. 2.23, 
Summarizing this, we find that of the two alloys having the 
highest permeability, containing 0.15 and 3.4 per cent silicon, 
respectively, one of them has very fine crystals (the low silicon 
alloy), while the other has very large crystals (the 3.5 per 
cent alloy). Thus, as far as this research shows, there is no 
connection between the crystal size and the magnetic per- 


meability. This same statement might also be made regarding | 


hysteresis. 

In view of the unprecedented results obtained with regard 
to the magnetic properties of the alloys described in the paper, 
it was deemed desirable to test a few alloys in the form of rings. 
As the ring method is the old established method of magnetic 
testing, and as this method required no compensating or other 
auxiliary windings to cause uncertainties, the evidence obtained 
with such test’ pieces would naturally be more convincing than 
results obtained by any other method. On the other hand, 
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it has been shown by Richter! and Lloyd? that the magnetic 
induction in a ring specimen is not uniformly distributed, but 
that it is crowded towards the inside of the ring. The varia- 
tion is greatest near the steepest part of the magnetization 
curve, where the maximum permeability occurs, and may here 
amount to as much as 100 percent for high permeability ma- 
terial. Consequently it is impossible, with ring specimens, to 
measure the maximum permeability, and this should be borne 
in mind when comparing the results obtained by the two methods. 

The dimensions of the rings used are shown in Fig. 7. 

With these dimensions the true magnetizing force, as shown 
by Lloyd and Richter, is 


2NI 
Ay = 1.0009 TOR. 
Where R, mean radius = 2.0 cm. 


N = total number of turns = 100 
[ = magnetizing current in amperes 


Hence by using Hy) = 10/, the error intro- 
duced is less than 0.1 per cent. 

The secondary winding consisted of 100 
turns of No. 30B. & S. wire wound next to 
i] the ring and connected directly to the Grassot 
i| fluxmeter. With this arrangement 
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Fic. 7—RING 
SPECIMEN 


AB = 400 D 


where A B = change of average flux density in ring in gausses 
D = deflection of fluxmeter. 

Three rings were prepared, all containing approximately 3 
per cent silicon. From No. 38Si39, one ring was machined 
directly out of the ingot as it came from the melting furnace, 
while another was made from the remainder of the ingot after 
forging it. The latter was imperfect, however, and was dis- 
carded. The third ring was made from No. 3Si40 after forg- 
ing the ingot, and the remainder of the latter was then forged 
into a rod to be tested by the Burrows method. 

The specimens were first tested in the original state, un- 
annealed. The windings were then removed and the rings and 
the rod placed in the annealing furnace and annealed in vacuo, 
the rod occupying the space along the axis of the tube. The 
maximum temperature to which the rod was subjected was 1100 
deg. cent., but the rings were heated to a somewhat higher 
temperature as they occupied a space nearer the heating ele- 
ment, their axes coinciding with that of the rod. The speci- 


1. Electrotech. Zeitschr. 24, p. 710; 1903. 
2. Bull. Bureau of Standards, Vol. 5, No. 3, Reprint No. 108, 1909. 
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mens were cooled at the standard rate, namely 30 deg. cent. 
per hour. 

The results are shown in Table X. In this table are included 
the results for rod No. 3Si25 from the main part of the in- 
vestigation. 

With regard to permeability the results show that in the 
unannealed state the two methods of testing agree very well. 
In the annealed state, however, the maximum permeability 
obtained for No. 3Si40 by the Burrows method is twice that 
obtained by the ring method. The latter method, however, 
as has been stated above, does not measure the maximum per- 
meability, on account of the non-uniformity of the flux dis- 
tribution, and in view of the results shown in Table VI, it is 
probable that the Burrows method gives too high a maximum 
permeability. Making allowance for possible differences due 
to material and heat treatment as well as mechanical treat- 
ment, it seems probable from these results that the true maxi- 
mum permeability is in the neighborhood of 50,000. That 
the permeability for B = 15,000 is so low for the ring speci- 
mens may be partly due to the fact that the rings were an- 
nealed at a higher temperature than was the rod. It was 
shown in Figs. 14 and 15 of the paper, that with a silicon 
content of 3 per cent for H = 20 the flux density, after 
annealing at 900 deg. was 16,000, while after annealing at 
1100 deg. it was only 15,600. A corresponding decrease in 
this region may consequently be expected also for higher an- 
nealing temperatures. This point is further borne out by the 
results obtained with the ring made from the ingot 3Si39 with- 
out forging. This ring may be considered as having been an- 
nealed at the melting point of the alloy. Its permeability 
at B = 15,000 is only 583 as compared with 962 for the ring 
made from 3Si40 after forging. 

Turning now to the hysteresis loss it is found that in the 
unannealed state the loss in ring No. 3Si40 is less than half 
the loss in the rod. As the two methods are known to be 
equally reliable in this case the difference must be attributed 
to the fact that the rod was forged much more than was the 
ring. That this is the cause becomes evident from the result 
obtained for ring No. 3Si39 that was not forged at all, as this 
shows a decidedly lower hysteresis loss even than ring No. 
38140. After annealing, the loss for B = 10,000 is shown to 
be less for the rod than for the ring, while for B = 15,000 the 
reverse is the case. The coercive force for B = 15,000 is 60 
per cent larger for the rod than for the ring, while the reten- 
tivity is also lower for the ring. 

These results seems to point towards the following conclu- 
sions: For such high quality material as that described in 
this paper the Burrows method gives too high maximum per- 
meability and too high retentivity. For low densities the 
hysteresis loss obtained is low, while for medium and high 
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densities the coercive force and consequently also the hysteresis 
loss is too. high. 3s iy 

While these rings were prepared for the purpose of verifying 
the results given in the main part of the paper, the results can 
not be dismissed without calling especial attention to the 
results obtained with the ring made from the ingot No. 3Si39 
without forging. Unannealed this ring has a retentivity of 
only 1000 and the hysteresis loss for B = 15,000 is only 1130 
ergs. per cu. cm. per cycle, not much above the value found 
for the best rod after annealing at 1100 deg. cent. After an- 
nealing the ring at 1100 deg. the hysteresis loss for B = 15,000 
drops to 577 ergs. This value is less than + of the correspond- 
ing value for the commercial 4 per cent silicon steel. 

With regard to the hysteresis loss, Mr. Ball bases his con- 
clusions on the assumption that the Steinmetz law, h = 7 Bl 
holds for any iron alloy under any condition. That this as- 
sumption is not warranted even for some of the ordinary iron 
alloys is admitted to some extent by Mr. Ball himself, and is 
also shown by data recently obtained by various investigators. 
Paglianti,* for instance, has shown that for commercial silicon 
steel the hysteresis coefficient, 7, may vary as much as fifty 
per cent for the same material for different values of B, on the 
assumption that the exponent for B is 1.6. Consequently, 
I do not see how any conclusion based upon the above formula 
can lay claim to absolute reliability. However, judging from 
the results of the comparative tests, as given above for ring 
and rod specimens, it is safe to say that the hysteresis losses 
for the vacuum alloys as given in the paper are too high for 
Bnaz = 15,000 but too low for Bmar = 10,000. By making 
such corrections the values for the hysteresis losses will be 
found to follow Steinmetz’s law more closely than indicated 
by the results given in the paper. 

Regarding Mr. Ball’s analysis by the reluctivity method, I 
wish to say that he has chosen a rather unfortunate part of 
the magnetization curve upon which to base his calculations. 
In the first place, the densities given in the tables for maximum 
permeability were not intended for use in accurate calculations, 
but rather to show the approximate location of the maximum 
permeability points. In the second place, Mr. Ball makes use 
of this maximum permeability point and of the data for B 
equals 10,000 only, in spite of the fact that these two points 
in most cases lie very close together. Consequently, any 
error in these two points is greatly magnified in the final values 
obtained by Mr. Ball for indicated saturation. Finally, Mr. 
Ball completely ingores the statement, repeatedly made in my 
paper, that in all probability the maximum permeabilities given 
in the paper are somewhat exaggerated, as corrections have 
been made according to theoretical calculations only. It was 
stated that experimental evidence seemed to indicate that 


*Metallurgie, Vol. 9, p. 225, 1912. 
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errors as high as 20 per cent may have been caused by the com- 
pensating current of the permeameter. It would have been 
far better if Mr. Ball had chosen values from Figs. 14 and 15 
upon which to base his calculations. In these figures cor- 
responding values of B and H can readily be read off for H 
equals 0.3, 0.5, etc., up to H equals 200, furnishing a great deal 
of data that could have been used for the reluctivity calcula- 
tions. If Mr. Ball had made use of these data he would, no 
doubt, have arrived at more consistent results. 

In reply to Mr. Ball’s question regarding aging, I may 
say that at ordinary temperatures no aging has been observed. 
Higher temperatures have not been tried. 

No tests have as yet been made by us with the vacuum 
alloys in the form of sheets, but such tests are contemplated 
in the near future. 

John D. Ball (by letter): In Mr. Yensen’s closing discussion 
I note in his explanation he says that the values of the in- 
ductions at which the maximum permeability values occur are 
only supposed to be approximate and do not represent actual 
values. In this case, as the point of maximum permeability 
is close to B = 10,000, undoubtedly the analysis for ultimate 
saturation value which I made is not to be depended upon to 
too great an extent. The analyses for hysteresis, however, 
are definite. Taking the last results which Mr. Yensen has 
written and calculating the values of 7, and taking the ratios 
of losses at B = 15,000 divided by B = 10,000, we find results 
as follows: 


Hysteresis U) 
B= 10,000 |} B = 15,000 | B = 10,000 | B = 15,000 Ratio 

UNANNEALED 
Ring Ingot...... 955 1130 0.38103 | 0.235103 0.62 
Ring Forged..... 1305 1540 OR52 0.320 0.615 
Rod Forged...... 3130 4450 1.248 0.927 0.745 

ANNEALED. 
RingIngot....... 340 577 0.1353 0.120 0.89 
RingForged..... 337 757 0.1342 0.158 Pelz 
Rod Forged...... 254 926 0.1010 0.193 1.91 


For the unannealed iron we find that the hysteresis loss 
increases slower than given by the 1.6 law, whereas in all other 
investigations tests have shown that the loss apparently in- 
creases faster. 

The results for the annealed rod are unusually high, as I pointed 
out in my discussion. The results obtained on the annealed 
ring from the forging are entirely consistent with our experience 
with other materials. It would be interesting indeed to find 
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an explanation for these unusual low increases of hysteresis 
losses at B = 15,000. 

T. D. Yensen (by letter): Regarding the values given. for 
the commercial silicon steel to which Mr. Ball did not agree, 
I should like to add that these values were obtained about 
two years ago by means of our original permeameter in connec- 
tion with a ballistic galvanometer, before the Grassot flux- 
meter was adopted. It was thought that the measurements 
thus made were sufficiently accurate for material of compara- 
tively low permeability. On account of Mr. Ball’s remarks, 
however, it was considered desirable to repeat these tests on 
the original rods with the fluxmeter. The results thus obtained 
are shown in Fig. 8. From this figure it is seen that the 
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hysteresis loss for the commercial silicon steel fore D Seer 
15,000 is considerably higher than shown in Fig. 16 of the paper, 
and the values for Bros = 10,000 and 15,000 follow the Steinmetz 
law very closely, thus agreeing with Mr. Ball’s experience 
regarding commercial silicon steel. 

The results obtained by Dr. Burrows and Mr. Sanford are 
of great interest as they have a direct bearing upon the results 
given in the paper. They find that the corrections for such 
coils as we have used, as determined experimentally, should 
be 0.14 times the compensating current with the yokes in place 
but without test specimens. I take this to mean that the 
correction to be added to H;, expressed in gilberts per cm., 
should be 0.14 times the value of the compensating current 
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expressed in amperes. If this assumption is correct the correc- 
tion to be applied in the case the compensating current is 30 
times the main magnetizing current should be 4.2 per -cent,. 
Mr. W. A. Gatward and myself have recently made tests, similar 
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to the above, with our apparatus, and these indicate that the 
correction should be 0.55 times the value of the compensating 
current, or four times the value given by Dr. Burrows and 
Mr. Sanford. For a ratio of 30 the correction, according to our 
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tests, should be 16.5 per cent, agreeing fairly well with the 
results given in Section I of the paper under ‘Magnetic Test- 
ing,” arrived at by a different method. By making this correc- 
tion for rod No. 3Si40, containing about 3 per cent silicon, 
the revised hysteresis loop is as shown in Fig. 9a, 
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Attention should be called to the extreme difficulty of getting 
exact values for the nearly vertical parts of these curves. This 
refers particularly to the hysteresis loops, and liberal allow- 
ance should be made for this in making comparative calcula- 
tions. However, a comparison between the results obtained 
by the Burrows method, as shown in Fig. 9a, and those recently 
obtained by the ring method, as shown in Fig. 9B, brings out 
very clearly that the Burrows method, even after making the 
above corrections for the compensating currents according to 
the experimental results, gives too high residual magnetism, 
and—for high inductions—too high coercive force. The result 
is that the hysteresis loss for Bnazr = 15,000, as measured by 
the Burrows method, is likewise too high. It thus appears 
that, until it has been definitely determined how to make 
corrections in testing high permeability material by the Burrows 
method, it is safer to base the final conclusions upon results 
obtained by means of the ring method. 

In Fig. 8, therefore, a comparison is made between the vacuum 
silicon-iron and the commercial silicon steel, based upon the 
results obtained by the ring method in the ease of the vacuum 
iron. The results for the commercial steel were obtained by 
means of the Burrows method, as it has been shown that this 
method is perfectly reliable for ordinary material. F ig. 8 then 
should give as true an exhibit of the actual difference between 
the vacuum product and the commercial steel as it is possible 
to obtain at the present time with the present means at our 
disposal. From the results there shown it is found that the 
hysteresis loss for the vacuum iron is only % of that for the 
commercial steel both for high and for low densities. The 
hysteresis exponent, as calculated from these values, is 1.68 
for the vacuum iron and 1.69 for the steel, an unexpectedly 
close agreement. 

Tests are at present being made on the vacuum-silicon-iron 
in the form of sheets of varying thickness, the specimens being 
in the form of rings made up of a number of punchings. It 
is hoped that the results of these tests will be available in a 
short time. 
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THE EFFECT OF DISPLACED MAGNETIC PULSATIONS 
ON THE HYSTERESIS LOSS OF SHEET STEEL 


BY L. W. CHUBB AND THOMAS SPOONER 


ABSTRACT OF PAPER 


Most modern revolving electrical apparatus has teeth on 
the rotor or stator, or both, which are subjected. to constantly 
varying reluctance. This variation of reluctance causes high- 
frequency changes of flux superimposed on the working flux. 
The result is a series of displaced hysteresis loops. This in- 
vestigation was undertaken to determine the magnitude and, 
if possible, some of the laws governing the change in hysteresis 
loss due to displacing a loop from its symmetrical position. 

An account is given of some early tests which, within the 
limits of induction studied, resulted in certain definite con- 
clusions. 

It is pointed out that the data from these displaced hysteresis 
loops limit the applicability of the Steinmetz hysteresis formula 
to symmetrical loops. 

Recent tests are then described, giving the details of a new 
apparatus for obtaining hysteresis loops and showing an im- 
proved method of making displaced a-c. watt-loss tests. 

Numerous loops and curves are included, showing the effect 
of displacement on the shape and area of the hysteresis loop. 

No definite laws could be formulated from the data, but some 
general conclusions are given. 


INTRODUCTION 


N THE early work of Steinmetz the following law for the 
relation between magnetic induction and hysteresis loss 


was given: 
1-6 
AB 
where Wz» = hysteresis loss 
Hn = aconstant 
B =.amplitude of induction. 


This law is reasonably accurate for ordinary ranges of in- 
duction and for hysteresis loops which are symmetrical. It 
has been found, however, by several investigators* that if a 
hysteresis loop is displaced from its normal symmetrical position, 

*F. Holme, Zeitschrift des Vereins Deutscher Ingenieur, Oct. 1912. 
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there will result not only a change of shape but of area as well. 
Such an effect occurs in most modern rotating electrical ap- 
paratus. The rotor and stator teeth are subjected to a con- 
stantly varying reluctance which produces a high-frequency 
change of flux superimposed on the working flux. The high- 
frequency pulsations produce hysteresis losses which we believe 
cannot be accurately calculated from a knowledge of the 
ordinary symmetrical-loss characteristics of the steel. 

The present investigation was undertaken to determine the 
magnitude of this effect, and, if impossible, some of the laws 
governing it. 

Ear.ty TESTS 

Our first attempts were made in June, 1911. The following 
method of attack was used. Two laminated sheet-steel-ring 
samples were prepared, one of open-hearth steel and the other 


Wattmeter Inductance 


of silicon steel. These samples were each wound with four 
uniformly distributed coils of wire, which were connected as 
in Fig. 1. 

A d-c. magnetizing force was supplied to the d-c. winding 
through a high reactance in order to limit the a-c, current in 
the d-c. circuit. An a-c. wattmeter was placed in the d-c. 
circuit to measure the small amount of a-c. power that was lost 
in this circuit, and corrections made accordingly. The amount 
of displacement of the hysteresis loop was measured by revers- 
ing the d-c. supply and noting the deflection of a ballistic gal- 
vanometer. The amplitude of pulsation of the a-c. flux was 
determined by means of an a-c. voltmeter, assuming the volt- 
age to have a sine wave form-factor (1.11). This assumption 
was correct within 2 per cent except at the highest inductions. 
The total a-c. loss was measured by means of a precision watt- 
meter of the Kelvin type. 


a 
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The curve of Fig. 2 gives some of the results of these tests. 
Also curves were plotted between different cyclic inductions 
and loss for two different mean displacements (1.e. 2000 and 
5000 gausses). The Steinmetz exponent was determined by 
plotting the logarithm of induction against the logarithm of 
the loss. These latter curves are not shown as they are not 
as reliable as some more recent data shown below. Some 
ballistic loops were taken at this time and Fig. 3 illustrates a 
specimen which shows the increase of area with displacement 
from the symmetrical position. ; 
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Fic. 2—RELATION BETWEEN DISPLACEMENT FACTOR AND DISPLACE- 
MENT FOR OPEN-HEARTH AND SILICON SHEET STEEL RINGS FOR A PULSA- 
TING INDUCTION OF 2500 GAUSSEs. 


At that time we called the ratio of the area of a displaced 
loop to the area of the symmetrical loop of equal amplitude 
the displacement factor. Various steel samples were from time 
to time tested for displacement factor to find out whether or not 
the material was suitable for specific applications. The routine 
tests at a mean displacement of 10 kilogausses and total pulsa- 
tion of 2.5 kilogausses, and the previous investigation work, 
enabled us to draw the following general conclusions, within 
the limits of induction used: 

(a) With a given pulsation the hysteresis loss increases very 
considerably with the displacement. 
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(6) Silicon steel has a higher percentage increase of hysteresis 
loss with a given displacement of the loops than open-hearth 
or soft steel. 

(c) The Steinmetz exponent for the relation between pulsa- 
tion and hysteresis loss decreases as the displacement increases. 


RECENT TEstTs 


Recently, with superior testing methods, additional data 
have been obtained on this subject. 
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Fic. 83—Ba.istic Loops on SiLicon SHEET STEEL RINGS, SHOWING 
THE CHANGE OF SHAPE AND AREA DUE TO DISPLACEMENT. THE A-C. 
TESTS ON THESE SAME RINGS ARE SHOWN BY RiGee: 


TEST METHODS 

Volt-Second Meter Method. About two years ago, one of 
the authors devised an apparatus for obtaining magnetization 
curves and hysteresis loops on completed electrical apparatus, 
particularly transformers. 

The change of flux in a magnetic core surrounded by a wind- 
“ing is equal to 

K fedt 
where K = constant 
eé = voltage induced in winding 


If a meter which will integrate the induced voltage is con- 
nected to a transformer winding, its reading will be proportional 
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to the change of flux in the core. The method consists in 
passing direct current from a storage battery through the 
primary winding of a transformer and connecting to the second- 
ary an integrating voltmeter or volt-second-meter which when 
properly adjusted makes one revolution for each change of one 
kilogauss in the magnetic induction of the transformer core. 
The procedure for testing consists in varying the impressed 
voltage and, at the end of each revolution of the volt-second- 
meter, reading the ammeter in the primary circuit. From this 
ammeter reading the value of H may be calculated. This 


Fic. 4 


gives the data for a magnetization curve or hysteresis loop, 
depending on the conditions. 

A diagram of connections of this on aretie, is shown in Fig. 4 
and the apparatus is illustrated in Fig. 5. The primary of the 
transformer to be tested is connected to terminals P and the 
secondary to S. By, is the source of d-c. supply. V.S.M.is 
the volt-second-meter and R, is a resistance in series with. it. 
By is a dry cell which supplies sufficient current to the volt- 
second-meter through the high resistances R, and R; to com- 
pensate for friction-when switch 5 is down, When switch 5 
is up the volt-second-meter may be backed up to its. zere 
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point. Switch 1 reverses the ammeter A, switch 2 reverses 
the volt-second-meter, switch 3 gives Rs a potentiometer con- 
nection and makes R; a series resistance or the opposite, de- 
pending on its position. This is for convenience in testing dif- 
ferent sizes of transformers as Rg and R; have resistances of 
5 to 1 and sometimes one connection is more desirable than 
the other. Switch 4 reverses the main battery current. S.G. 
is a safety gap to limit the rise in voltage in case the primary 
circuit is accidentally opened. 

In order to calibrate the volt-second-meter, terminals P. 
and S are connected together and a voltmeter is connected 
across S. R, is made some convenient value and the voltage 
is adjusted by R, and R; to give approximately 20 revolutions 
per minute of the volt-second-meter. The time for 10 revolu- 
tions (or more if desired) is then recorded by a stop watch and 
the voltage noted. The constant of the apparatus is then 
determined from the formula: 


“LO Re 
Oe ye 
where R; = total resistance of circuit inside of term- 
inal S 
E = voltage 


T’ = time in seconds 
Next Ris to be adjusted as follows: 
R;’-= A NC102 
where R;’ = total resistance of circuit including trans- 
former winding, V.S.M. resistance, etc. 
R, = R,’ — all other resistance of circuit. 
A = cross section of transformer core in sq. cm, 
N = secondary turns of transformer. 


With this adjustment, a change of induction of one kilogauss 
in the transformer core will cause the volt-second-meter to 
make one revolution. 

To obtain a hysteresis loop the procedure is as follows: Set 
the primary current to some convenient value by means of the 
theostats Rs and Rz, back up the volt-second-meter to zero by 
throwing switch 5 up, reverse the primary current by means 
of switch 4 and note the total revolutions of the volt-second- 
meter. If this is not the value required, change the current, 
set the volt-second-meter to zero, reverse the volt-second- 
meter connections by means of switch 2, reverse switch 4 and 
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again note the total revolutions of the volt-second-meter. Re- 
peat until the transformer is brought to the proper induction. 
When the current has been reversed a sufficient number of 

times to insure a cyclic condition for the core, the applied voltage 
is decreased to zero by the rheostats Rg and R; at any rate 
desired, readings of the ammeter A being taken at each revolu- 
tion (or fraction thereof) of the volt-second-meter. Switch 4 
is then reversed and the applied voltage gradually increased 
to its original value, at the same time taking readings of the 


B-KILOGAUSSES 
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ammeter as the volt-second-meter revolves. Switch 1 is, of 
course, to be reversed when the current passes through zero. ° 
With this apparatus, after the current has been adjusted to the 
proper value, it is possible to obtain the data for a complete 
loop in less than one minute. 

As a check on the apparatus, loops were taken on a 250 kv-a., 
30,000-volt transformer, both by the volt-second-meter method 
and by an independent null method, using a long-period bal- 
listic galvanometer and mutual inductance. The two loops 
are shown in Fig. 6. The maximum magnetizing forces are 
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slightly different due to small errors in determining the con- 
stants for one or both methods, but the areas of the two loops 
check within a small fraction of one percent. . 
' A-C. Test Method. After obtaining considerable data with 
the volt-second-meter apparatus, a few 60-cycle tests were 
made on open-hearth and silicon-sheet-steel rings by methods 
superior to those used in the early tests. 

- A synchronous rectifier and d-c. voltmeter were used to 
determine the average value of the voltage and hence the maxi- 
mum value of the flux. The rectifier could be adjusted to cut 
off at the zero points of the voltage wave, although the two 
zero points were not 180 degrees apart. This was necessary, 
as even harmonics were introduced into the voltage wave due 
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to the unsymmetrical current passing through a certain un- 
avoidable amount of inductance. The d-c. component of mag- 
netizing force was introduced by inserting storage cells in series 
with the a-c. generator. The amount of displacement of 
the hysteresis loop was determined by a null method. To do 
this, the direct current was reversed and the mean change in flux 
was measured with a long-period ballistic galvanometer and 
variable mutual inductance. The secondary of the mutual 
inductance and the exploring coil on the ring were in series 
opposing. The primary of the inductance and the d-c. supply 
for the ring were reversed simultaneously and the mutual in- 
ductance adjusted for a balance. A diagram of connections is 
shown in Fig. 7. In the figure the galvanometer is supposed 
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to represent the mutual inductance and other apparatus to 
measure the displacement of the hysteresis loop. 


DATA 


The volt-second-meter tests were made on a 3333-kv-a. 
110,000 to 15,240-volt transformer. The core was of silicon 
steel. The data were obtained by first putting the transformer 
through the major hysteresis loop (which had a tip correspond- 
ing to that of the desired displaced loop) a sufficient number 
of times to insure a cyclic condition of the iron and then putting 
the core through the minor or displaced loop. 

Figs. 8 to 23 inclusive show these loops plotted in various 
ways. The titles are self-explanatory. Table I shows the 
areas of these loops. 


TABLE I—SUMMARY OF AREAS. 


SCALE OF CURVES: ORDINATES: 1/’ = 2 K1LoGAussEs 
ABSCISSAE: 1/’ = 1 Gaus; 


(The illustrations are reproduced to 1/3 of this scale.) 
DISPLACEMENT—KILOGAUSSES 


Minor 0 2000 4000 6000 8000 10,000 | 12,00 

loop. |-——_ | —_|—_- 
kilogausses 
Area squlare inches 

1,000 0.29 0.30 0.35 0.43 0.52 0.70 1.00 
2,000 0.94f 1.18 1.03 1.25 1255 2.10 aye 
3,000 dks Cal 1.83 2.01 2.39 3.00 3.58 
4,000 2.81 2.86 Bin hth 3.50 4.10 fs ) 
5,000 3.96 4.08 4.35 4.68 5.70 
6,000 5.48 5.57 5.87 6.05 an 
7,000 6.90* 7.09 7.44 8.16 

_ 8,000 8.60 8.92 9.40 es 
9,000 10.61* 10.84 10.90 

10,000 12.96 13.04 

11,000 15.6* 15.28 

12,000 19.36 , Ses 

13,000 21.76 


* Interpolated values. 

{Values too high. 

Relative Area of Hysteresis Loops for Various Displacements and 
Pulsating Inductions ( Amplitude) Obtained with the Volt-Second- 
Meter Apparatus on a 3333-kv-a., Single-Phase, 50-Cycle, 110,000 to 


15,240-Volt Transformer. 


After the first minor loop was completed, the transformer 
core was put through the same minor nine times, keeping the 
maximum value of H and the amplitude of B constant: Com- 
plete readings were taken on the tenth minor loop. In general, 
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the area of the tenth minor loop was slightly decreased from 
that of the first minor. The mean displacement changed only 
slightly. Fig. 24 shows an example. This is plotted on the 
assumption that the B displacement did not change at all. 

The curves of Fig. 25 show the relation between area (hystere- 
sis loss) and B (} amplitude of pulsation) for various mean 
displacements. 

The curves of Fig. 26 show the relation between the logarithm 
of the area (hysteresis loss) and the logarithm of B (} ampli- 
tude of pulsation) of the minor loop for various displacements. 

Fig. 27 shows the relation between the area of the loops 


B-KILOGAUSSES 


H-GAUSSES 
Fic. 8 


(hysteresis loss) and displacement for various values of B 
(} amplitude of pulsation). 

Referring to the a-c. tests, the curves of Fig. 28 show the 
relation between displacement and 60-cycle displacement factor 
where B = 1000 (2 amplitude) and B = 2000 respectively for 
silicon and open-hearth sheet steel rings. 


Discussion 
The curves of Fig. 25 and Fig. 26 show that for each mean 
displacement the Steinmetz law expressing the relation between 
the induction and the hysteresis loss requires a different co- 
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efficient and a different exponent. The coefficient increases 
very greatly with the displacement. The exponent, for a 
time, decreases and then later, apparently, shghtly increases 
with increasing displacement. The points are so few for the 
high displacements, however, that this latter assumption is 
not at all certain. This condition of decreasing exponent with 
increasing displacement was noted from the early a-c. tests. 
The curves of Fig. 27 indicate that at very high amplitude 
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the hysteresis loss decreases slightly with the displacement 
Holme* shows this same thing from his a-c. tests. 

The curves of Fig. 28 for the a-c. tests show the interesting 
condition that at high displacements the loss increases less 
rapidly and in one case actually decreases. This effect would 
seem to be analogous to the decreased hysteresis loss at high 
inductions due to a rotating field and harmonizes somewhat 


*P, Holme, Zeitschrift des Vereines Deutscher Ingenieur, Oct. 1912. 
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with the commonly accepted theory of hysteresis loss. It is, 
unfortunately, not known whether or not the volt-second-meter | 
data would have checked with the a-c. data in this respect, 
as the former tests were not carried to sufficiently high dis- 
This point could not be checked 
later, as the transformer was no longer available. A similar 
effect is shown, however, in the case of the small displacement 
and the higher amplitudes. (See Fig. 27). 

These a-c. curves do not show as high displacement factors 
at the high inductions as have been found in other tests. How- 
ever, all known sources of error have been eliminated and we 


placements at these amplitudes. 
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see no reason to believe that the data are not correct for these 
particular samples. Inaddition to the hysteresis loss, there is 
present in these a-c. tests a small amount of eddy-current loss. 
This was found by test to be so small that no account has been 
taken of it in calculating the data for the curves of Fig. 28. 

At the time the a-c. tests were made, oscillograms were 
taken. Due to lack of time, the data from these have not 
been included, but may be presented at a later date. 

An attempt was made some months ago to determine, if 
possible, a relation between permeability and hysteresis loss 
for various displacements. Samples of widely different per- 
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meabilities were obtained for this purpose, the resulting data for 
four of which are shown in Table IT. 
These data were obtained in an ordinary Deaton set with 
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Epstein samples cut with the grain lengthwise of the strips. 
The samples were silicon steel. 

These data are not altogether consistent but there is a good 
indication that, with the high inductions, at least, the lower 
permeability steel gives the higher percentage increase of loss. 
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TABLE II. 
Permeability 
Sample Wi We Ws 
B = 10 B= 15 
A 5490 674 100 188 830 
D 5460 560 86 198 768 
B 4880 405 90 190 926 
Cc 4770 372 90 202 872 


1.88 
2.30 
2.11 
2.24 


Where Wi = undisplaced loss factor at B = 2000 and 180 cycles 


= ditto with mean induction.displaced 10,000 gausses. 
W3 = ditto with mean induction displaced 15,000 gausses. 
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Fic. 26.—CurVES SHOWING THE CHANGE IN STEINMETZ EXPONENT 
AND COEFFICIENT FOR VARIOUS DISPLACEMENTS 


DISPLACEMENT 
(KILOGAUSSES) 


vovyoy 
ll 


STEINMETZ 
EXPONENT 


1.630 
1.628 
1.582 
1.504 
1.507 
1.518 
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It should be noted that these displacement factors at B = 15 
are higher than for the 60-cycle- tests on the ring samples. 
This may be due to a variety of causes, such as frequency, 
direction of grain, phase displacements of wattmeter currents, 
and form factor, for which no corrections were made in these 
180-cycle tests. There is opportuntiy for considerable more 
investigation along this line, as the pulsatiom losses in electro- 
magnetic machines are of great importance in some cases and 


their reduction depends upon a knowledge of their variation 


with frequency, displacement, permeability, direction of grain, 
heat treatment, and possibly other factors. 


GENERAL CONCLUSIONS 


1. The hysteresis loss in sheet steel does not follow the Stein- 
metz law when the material is unsymmetrically magnetized, 


since both the coefficient and exponent of the familiar equation 
1.6 


W = (+) are found to change with displacement. 


2. The coefficient of the Steinmetz equation is increased by 
displacement. 

3. The exponent of the Steinmetz equation is, in general, 
decreased with increase of displacement. 

4. The displacement factor for silicon steel is greater than 
for open-hearth steel at moderate displacements. 

5. The displacement factor for different samples varies 
greatly at the same values of pulsation and displacement, and 
the symmetrical loss alone is no indication of the displacement 
factor. 

6. There is evidence that the displacement factor is a function 
of the permeability, at least at high displacements. 

7. The great variations in the shape of the displacement- 
factor curves at and above saturation have made it impossible 
to derive satisfactory empirical equations from the data obtained. 

8. A quick and accurate method of obtaining the data for 
hysteresis loops through any sequence of flux variation has 
been developed. 

In closing, the writers wish to make acknowledgment of the 
valuable assistance rendered by Prof. L. D. Rowell and Mr. 
O. W. A. Oetting in obtaining some of the recent data for this 
investigation. 
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THE UNSYMMETRICAL HYSTERESIS LOOP 


BY JOHN D. BALL 


ABSTRACT OF PAPER 


The paper gives results and analyses of tests to determine 
losses in hysteresis loops wherein the magnetism is carried 
through cycles in which limiting values of flux are different in 
amount or the mean values of flux differ from zero. 

Such variations of magnetism occur in inductor generators, 
in teeth of induction machines and in materials magnetized 
from rectifier circuits, etc. 

The author finds that: 

1. The losses in unsymmetrical loops are greater than in 
symmetrical loops of the same difference of limiting values of 
flux. 

2. For loops of the same difference of limiting values of flux, 
the losses increase as a definite power of the mean flux density. 

3. The increased loss as a power of the mean density is the 
same for any range of loops or difference of limiting flux values. 

4. With any given value of mean density, the increased 
loss with increased range increases as a definite power of the 
range, irrespective of the mean value of density selected. 

The author covers these points in an equation to express the 
loss in any loop. The general equation is: 


h = (7 +a Byy) Br 


wherein 7 and x are the constants of the Steinmetz law, aisa 
coefficient depending upon the material, and y a power of the 
mean density. The present tests satisfied the equation in the 


form: 
h=(+ae By) BM 


HE ENERGY dissipated:in:magnetic materials as the result 

of hysteresis isa matter of considerable importance, as is 

evidenced by the many investigations that have been conducted 

to determine the laws and by:the large amount of literature that 
has been published on the subject. 

Among the most important contributions are those covering 
the investigations of Ewing, and the classic papers of Dr. 
C. P. Steinmetz which were presented to the A. I. E. E. in 1892 
and 1893. In these papers the discovery of the well-known 1.6 
law was announced; this law expressing the hysteresis loss in 
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ergs per cm’ as 7 B16, where B is the flux density in gausses, and 
7 a numerical coefficient depending upon the material. 

Since this law was discovered many new data have been ob- 
tained upon additional varieties of materials, and after being 
subjected to many kinds of heat treatments; tests have also 
been made at temperatures ranging from that of liquid air to 
those high temperatures where the materials become non- 
magnetic. 

While some misunderstandings have naturally arisen as to 
the interpretation of the law, and tests on hetrogeneous materials 
have indicated deviations therefrom, the additional evidence has 
served to strengthen the confidence in its correctness. 

Shortly after the announcement of the 1.6 law the statement 
was made that “the energy dissipated by hysteresis depends 
only upon the difference of the limiting values. of magnetic 
induction, between which the magnetic cycle is performed, but 
not upon their absolute values, so that the energy dissipated by 
hysteresis is the Pa as long as the amplitude of the anesssloce 
cycle is the same.”’ This has been written as 


be Pi" 
n=( 5 


where B; and By are the values between which the magnetism — 


varies. Tests were made which apparently justified and sub- 
stantiated this statement,’ .and the results were published. 

In these tests the range of flux values was comparatively 
small as compared with the range of values of the mean induc- 
tions, and the materials employed were magnetically hard and 
characterized by high hysteresis loss. 

Since the publication of the results of these tests, engineering 
materials have been improved and new heat treatments have 
changed or modified the characteristics of the materials; also, 
testing instruments and methods have greatly advanced, thus 
permitting wider ranges of research and closer precision. Among 
’ the newer phenomena, it has been observed that when. materials 
are taken through unsymmetrical hysteresis éeyclés) there? is, 
contrary to earlier writers, apparently more energy dissipated 
than when taken through the symmetrical loop’ of the same 
amplitude. By an unsymmetrical loop is meant the hysteresis 

1. “On the Law of Hysteresis,” C. P. Steinmetz, TRANS. A. I. E. Ee 


Vol. IX, 1892, pp. 3-51, pp. 621-729; Vol. XI, 1894, pp. 570- 608. 
(20° TRANS. A. I,°E, E., Vol. [X=1892, p. 683.0009 


——————— 
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loop obtained when the magnetism is carried through a cycle 
in which the limiting values of flux are different in amount, or, 
in other words, in which the mean value of the flux differs from 
zero. The recent statements, then, are to the effect that when 
Bz is different in amount from Bi, the loss is greater ‘ham when 
Bs = Bay 7 » { 

Neglecting the test results, a study of the considerations in- 
volved leads to no logical conclusion that the unsymmetrical 
loop should have the same area as the symmetrical. If the 
maximum of the unsymmetrical loop lies on the normal induc- 
tion curve, the path from maximum to minimum induction is the 
same as that of the symmetrical loop of this maximum induction 
and is not governed by the range of the ‘unsymmetrical : loop. 
Returning from the minimum to. the maximum induction, the 
path produces the exclusive features of the unsymmetrical loop. 

Some investigations have been made and the results published 
- by M. Rosenbaum’ and Dr. F. Holm.‘ Both investigations 
led to the conclusion’ that the hysteresis loss is greater for the 
unsymmetrical loops than for the symmetrical loops of the 
same amplitude. 

The object of this paper is to give the results of the author? s 
investigations of unsymmetrical hysteresis loops. 

The tests led to these interesting deductions: 

1. The hysteresis loss in an unsymmetrical loop is greater 
than the loss in a symmetrical loop of the same difference, of 
limiting values of flux. 

2. Within the limits of the —— the losses of ‘oops eetae 
the same difference of limiting values of flux were found to 
increase with a definite power of the average or mean flux density. 

3. The increased loss as a definite power ofthe mean flux density 
was found to be the same for any difference of limiting flux 
values or range of the loops. 

4. With any given value of mean density the increased loss 
with increased range was found to increase as a definite power 
of the range, irrespective of the mean value of density. 

The study of such loops is of importance in several respects, 
such as: 

A cone ations to the better antbérstan dling of magnetic 
phenomena. 

In order to calculate correctly the loss to be expected 
where the magnetism so varies. | 


3.Jour. I. E. E.,Vol. 48, 1912, pp. 534-545. 
4. Zeit. des Ver. Deut. Ing:, Vol. 56, 1912, pp. 1746-1751. 
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Such a variation of magnetism occurs in many places, such as 
in an inductor generator, etc. The same phenomena occur in 
the field cores of machines where the rate of flux change is so 
small that the loss is not a consideration. However, in these 
cases the shapes of the loops are of value in determining 
the regulation of machines in which the magnetic cycle of the 
field cores is a determining factor. In these cases the irregular 
changes of field current may produce innumerable hysteresis 
cycles, the loops of which vary within the envelope, which is 
approximately the loop obtained between the limits of maximum 
field density and the residual flux from such a maximum (as- 
suming no reversal of current in the field). 

The unsymmetrical hysteresis loop is also in evidence in all 
material magnetized by current from a rectifier, etc.; in short, 
in all circuits where alternating current and direct current are 
superimposed. A specific case of interest is the well-known fact 
that core losses of certain machines have been found to exceed 
calculated values, unless percentages are added. The fact 
that high-frequency flux ripples in the teeth give a higher hys- 
teresis loss than the same flux change with zero as a mean 
value of induction, would in part account for this additional 


loss. This is especially noticable in the case of induction ma- 


chines. 
The materials tested were: 
1. High silicon steel (approx. 3.5 per cent Si.) 


2. Medium silicon steel (approx. 2.5 per cent Si.). 
3. “Standard” or low carbon steel. 


In the first series of tests the high silicon and medium silicon 
steels were tested between the following values of induction: 


TABLE I. 
RANGES OF TESTS, 1ST SERIES 


Max. B Min. B Mean Bm 
+2,000 —2000 0 
+4,000 0 +2,000 
6,000 +2000 4,000 
8,000 4000 6,000 
10,000 6000 8,000 
12,000 8000 10,000 


—_—- 


OO a ae 
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It will be noted that the change of flux in each case is 4000 
gausses, which for the symmetrical loop corresponds to the cycle 
of + B (max.) = 2000. 

In the second series of tests the same values of mean density 
were used, but the ranges were extended to include not only 
+ 2000 to — 2000, or a total change of flux of 4000 gausses, 
but also ranges of 500, 1000 and 1500; that is to say, tests were 
made between the same values of induction as for the first series, 
and also between the following values: 


TABLE II. 
ADDITIONAL RANGES OF TESTS, 2ND SERIES. 


EE ee eS 
+ 500to — 500 | + 1,000 to —1000 + 1,500 to — 1500 
+ 2,500 to + 1500 3,000 to + 1000 3,500 to + 500 
+ 4,500 to + 3500 5,000 to + 3000 5,500 to + 2500 


+ 8,500 to + 7500 9,000 to + 7000 9,500 to + 6500 


+ ~ 
+ + 
6,500 to + 5500 | + 7,000 to + 5000 + 7,500 to + 4500 
+ + 
+ 10,500 to +9500 | + 11,000 to + 9000 + 11,500 to + 8500 


These tests were made with medium silicon steel and with 
standard steel. 

The samples tested were built.of ring punchings of the following 
dimensions: 

Outer diameter 24 cm. (9.45 in.) 

Inner diameter 16 cm. (6.3 in.) 

Mean length magnetic circuit 62.83 cm. (24.7 in.) 

Thickness of sheets 0.035 cm. (0.014 in.) 

Approximate weight of samples 2 kg. (4.4 lb.) 

Each sample was wound with two magnetizing windings and 
an exploring coil consisting of two unequal sections in series for 
high and low sensibility. The values of magnetizing current 
were obtained by carefully calibrated ammeters and the flux 
changes were noted by means of a ballistic galvanometer. 

‘The testing involved some difficulties in manipulation be- 
cause of the requirement that the B limits must be fixed and the 
corresponding H values measured. This is the opposite 
from the ordinary procedure. Means for accomplishing the 
desired results were suggested and satisfactorily carried out by 
Mr. S. L. Gokhale, who made the tests. 

The normal magnetization or B-H curve was first determined. 
This curve is the locus of the peaks of the symmetrical, or 
regular hysteresis loops, and is also the locus of the upper peaks, 
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or maximum flux values of the unsymmetrical loops as they were 


taken. Currents were passed through the two magnetizing coils 
in such amounts that their sum when boosting would give the 
H necessary for the maximum B (found from the normal curve), 
and when opposed, would give the flux density which was the 
minimum desired. This was found by reversing the current in 
one winding and obtaining the value required for the desired 
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High Silicon Steel. Area AA’BA = 1762.5 B H units. Area AA'CA = 1783.3 BH 
units, or loss = 140 ergs per cm. per cycle. 


flux change. Points between maximum and minimum were 
obtained by holding current in one winding and varying the 
current in the other by successive steps throughout a complete 
cycle and noting the corresponding flux changes. One difficulty 
that was noted was die to the fact that upon completing a cycle 
the loop didnot ‘close; that’ is, the final induction in the steel 
was less thari the initial; which was to be expected. Several 
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successive reversals, or unsymmetrical cycles, failed to remedy 
the discrepancy, as the limiting values of B were shifted thereby. 
It was decided that the first loop determined was in each case 
the correct one to use. Two extreme methods of determining 
the area of this loop were employed; first, ignoring the upper 
part of the ascending path and estimating the path which would 
close the loop, that is, drawing the dotted line from B to A as 
shown in Fig. 1, which figure shows a typical loop, in which the 
above discrepancy is most noticeable; second, completing the 
loop by drawing the vertical line C A. This was the method 
adopted. For the loop shown in the figure, the areas in B-H 
units are as follows: 


-Ist method, area = 1762.5 
Pantele aL ot 
Difference 20. 


or a trifle over 1 per cent. This difference is practically 
negligible. 

The loops having been drawn and the areas integrated by the 
method outlined above, the hysteresis losses were calculated. 
For the first series of tests the results were as shown in Table III. 


: TABLE III. 
TOTAL FLUX DENSITY CHANGE = 4000 GAUSSES 
CORRESPONDING TO SYMMETRICAL Loops B (MAx.) = 2000 
High silicon steel Medium silicon steel 
Mean B| Hyst. ergs per cy. Ratio to Hyst. ergs per cy. Ratio to 
per cm? sym. loop per cm? sym. loop 
0 110.7 1.00 201.0 1.00 
2,000 120.0 1.08 214.0 1.06 
4,000 140.0 1.26 242.1 1.20 
6,000 175.3 1.58 295.5 1.47 
8,000 242.0 2.18 365.5 ; Vad 
10,000 353.2 3.29 392.5 2.45 


ANALYSIS OF RESULTS oF First TESTS 


Various curves were plotted and analyses made to determine 
the nature of the above mentioned increased losses. An effort 
to evaluate this increased loss as a function of the maximum 
or minimum density, gave no promise. It was found, however, 
that a variety of combinations gave smooth curves. Taking 
the log of mean density B,,, and plotting it with the log of A loss 
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(which loss is the difference between those of the unsymmetrical 
cycles and of the symmetrical cycles of the same amplitude), 
gives us a nearly straight line. In the case of the high silicon 
steel we find that plotting log B,, and log (A loss — 4) gives more 
nearly a straight line, the slope of which is 2.3. Considering the 
slope of the first line to be the same, we may say that the loss 
in the unsymmetrical cycle is the sum of the loss of the symmetri- 
cal cycle plus a coefficient, multiplied by the mean density 
raised to the 2.3 power, or as an equation for this particular 
case, the hysteresis 


h' = 7 B'S + q@ B,23 (1) 


Solving for a, we obtain 0.00000013. The error of this equation 
at one point shows 10 per cent from the observed value, and 
for the other four points the error is small. 


TABLE IV. 
HIGH SILICON STEEL. 
UNSYMMETRICAL HySTERESIS Loops. ToTaL FLUx DENSITY CHANGE OF B = 4000. 


Mean Hyst. loss A Log. Log. Lo . Hyst. by| Dif.in 
Bm ergs per cm? loss mean B A loss |(A loss —4) equa. | percent 
10,000 353.2 242 4.000 2.384 2.377 316 —10.5 
8,000 242 131 3.903 2.117 2.104 234 — 3.3 
6,000 175.3 65 3.778 1.813 1.785 174.4 + 0.5 
4,000 140. 29.3 3.602 1.467 1.403 135.8 — 2.8 
2,000 120. 9.3 3.301 0.969 0.724 116.8 — 2.5 
(0) 110.7 0 
————— ee 
TABLE V 


MEDIUM SILICON STEEL 
UNSYMMETRICAL HystTERESIS Loops. ToraL FLux DEeNsiTY CHANGE oF B = 4000 


Mean Hyst. loss A Log. Log. Hyst. by Diff. in 


Bm ergs er cm? loss mean By, A loss equation per cent 
10,000 492.5 291.5 4.000 2.465 501 +1.6 
8,000 365.5 164.5 3.903 2.216 381 +4.1 
6,000 295.5 94.5 3.778 1.975 294 =i0)5 
4,000 242.1 41.1 3.602 1.614 238 ar dene 
2,000 214.0 13; 3.301 1.114 208 —2.8 
0 201.0 0. 


a ee ee 


ei 
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The various values for high silicon steel referred to above are 
tabulated in Table IV, the curves showing the relation of the 
log A loss and the log Bm, being shown in Fig. 2. 

A similar analysis of medium silicon steel gives a straight 
line when log B,, is plotted against the log of the A loss. These 
tabulations are shown in Table V. We here find that the slope 
of the log curve for the power of Bn to be 0.0000011. Sub- 
stituting these values in the equation we find calculated losses 
to give a maximum error of — 3.3 per cent. Assuming that the 
hysteresis loss is the same in unsymmetrical cycles as in the cor- 
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Fic. 2—UNSYMMETRICAL HysTERESIS Loops—LocG a Loss vs. Loc 
Bm CURVE—FIRST SERIES OF TESTS 


responding symmetrical, we have in this case a maximum error 
of 145 per cent. Assuming the power to be 2.3 (to agree with 
the high silicon steel), we find a = 0.00000019, or about 50 
per cent higher than for high silicon steel, which is on the same 
order of increase as is found for 7 in the equation of the 
symmetrical loops. Values obtained from using y=2.3 and 
a=0.00000019 gives us a maximum variation from test results 
of 4 per cent, as seen in the table. 

These results therefore indicate that the increase of hysteresis 
with the mean density is as a power of this density. Rosenbaum 
found for one case that the increased loss as a function of the 
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difference of maximum and minimum induction (which is the 
same in amount as B,,), was parabolic. The results of Dr. F. 
Holm, in his article previously referred to, are given in Table 
VI. In this case, the symmetrical loop for B (max.) is 1400. 
The log B, — log A loss curve is also shown in Fig. 2. 


TABLE VI 
UNSYMMETRICAL HYSTERESIS LOOPS 
ToTaL FLux Density CHANGE OF B = 2800. 

(From results by Dr. Holm). 


Mean Hyst. loss TS log Log 
Bay ergs per cm.? loss ibe A loss 
14,000 890 685 * 4.146. 2.836 
13,300 700 495 4.124 2.695 
12,100 598 393 4.083 2.594 
11,400 495 290 4.057 2.462 
10,400 417 21-2 4.017 2.326 
9,230 399 194 3.965 2.288 
7,430 314 109 3.871 2.037 
0 205 0 


The first five values lie on a line, the slope of which is 3.6; 


the last two values lie on a line whose slope is 2.7. The break - 


between the lines is not accounted for and analysis of the results 
indicate many inconsistencies. 


Trst RESULTS OF SECOND SERIES 


The first tests indicated that the increase of hysteresis loss 
in the unsymmetrical loop may follow a parabolic equation, the 
total amplitude of the loops being constant. It is therefore in- 
teresting to find whether this holds for sets of loops of various 
amplitudes, and it is also desirable to study the increase of hys- 
teresis loss with increase of amplitude of the loops from the 
same mean density value, when this value is other than zero. 
When the mean density is zero, the loops are symmetrical and 
the increased loss is covered by the Steinmetz law. For the 
second series the ranges of test values are given in Tables I and II. 
The method of test is the same as that used for the first series: 
The results of the tests are given in Table VII. 

Assuming the hysteresis loss of the unsymmetrical loops to 
be the same as that for the corresponding symmetrical loops, 
we are in error by the amounts given in Table VIII. A study 
of this table shows the interesting fact that for all ampli- 


1915] BALL: HYSTERESIS 2703 


tudes of the loops, the increased loss with increased mean density 
1s in approximately the same ratio. 


TABLE VII 
HYSTERESIS LOSS IN ERGS PER CM2 IN UNSYMMETRICAL LOOPS CORRES- 
PONDING TO SYMMETRICAL LOOPS OF THE RANGES INDICATED 
OBSERVED VALUES 


Medium Silicon Steel Hysteresis Loss 


Bm Range 2000 Range 1500 Range 1000 Range 500 
10,000 492.5 310 154 46.3 
8,000 365.5 229 | 113 33.0 
6,000 295.5 183 92.4 26.6 
4,000 242.1 153 79.0 22.6 
2,000 214 137 70.2 20.1 

(0) 201.0 127 65.6 18.7 


Standard Steel 


10,000 451.0 294.5 159.5 47.0 
8.000 362.0 242.0 123.7 35.4 
6,000 300.5 193.5 98.5 28.9 
4,000 254.5 158.6 80.0 22.9 
2,000 227.8 141 Cll 20.6 

10) 211.0 128.1 63.9 18.3 
TABLE VIII 


ERRORS FROM TEST RESULTS OF TABLE VII, ASSUMING UNSYMMETRI- 
CAL CYCLES, HAVING SAME LOSS AS THE SYMMETRICAL CYCLES 


Medium Silicon Steel Percent Errors 


Bm Range 2000 Range 1500 Range 1000 Range 500 

10,000 + 145 + 144 +135 + 148 
8,000 82 80 72 76 
6,000 47 44 41 42 
4,000 200 20 21 21 
2,000 6.5 8 ai (het) 


Standard Steel 


10,000 114 130 150 159 
8,000 71 89 93.5 93 
6,000 42 51 54 58 
4,000 21 24 26 25 
2,000 8 10 11 13 


To show all of the loops as they were drawn for analysis 
would unnecessarily burden this paper. A reasonable idea of 
their shapes and areas may be had, however, from condensing 
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Fic. 4—Group or UNSYMMETRICAL HysTERESIS Loops—MeEpIuM 
SILICON STEEL 
Loops of amplitude B = + 1500 with various values of By. 
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the loops and plotting all of them of the same range on a sheet, 
which for medium silicon steel gives the loops shown in Figs. 3,4, 


) | io 
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H 

Fic. 5—Grour or UNSYMMETRICAL HyYstTErREsis Loops—MeEpium 


SILICON STEEL 
Loops of amplitude B = + 1000 with various values of Bm; 


Fic. 6—Grour oF UNSYMMETRICAL Hysteresis Loops—MEDIUM 


SILICON STEEL 
Loops of amplitude B = + 500 with various values of Bm; 


5 and 6. For standard steel the loops are quite similar and need 
not be reproduced here. As a typical loop, Fig. 1 may be taken. 
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ANALYSIS OF TESTS—SECOND SERIES 

In the analysis of these results two questions were considered, 
Viz: 

1. The amount or nature of the increase in hysteresis loss with 
increase of mean density, for loops of constant amplitude. 

2. The amount or nature of the increase in hysteresis loss with 
increased amplitude at the same mean densities. 

Considering the first analysis, results from the first tests and 
the deduction of Rosenbaum are confirmed. The increase in 
loss of Bm is practically parabolic, which fact we find by plotting 
the log of A losses and Bm which are given in Table IX and 
plotted in Figs. 7 and 8. 

TABLE IX 
LOG OF RESULTS FROM TABLE VIL 
i Medium Silicon Steel 


Range 2000 Range 1500 Range 1000 Range 500 
Log Log; |> —ps)@oed | Wie Reboran 

Log A A A AS A A A A 

Bm By loss loss loss loss loss loss loss loss 
10,000} 4.000 | 291.5 2.465 183 2.263 88.4 1.947 27.6 1.441 
8,000} 3.903 164.5 2.216 102 2.009 47.4 1.676 14.3 PekSS 
6,000] 3.778 94.5 1.975 56 1.748 26.8 1.428 7.9 0.898 
4,000} 3.602 41.1 1.614 26 1.415 13.4 a le WF 3.9 0.591 
2,000! 3.301 13 1.114 10 1.000 4.6 0.663 1.4 0.146 

Standard Steel 


10,000 240.0 2.380 | 166.4 2.221 95.6 1.981 28.7 1.458 
8,000 151.0 2.179 | 113.9 2.057 59.8 1.777 ale ee 1.223 
6,000 89.5 1.952 65.4 1.816 34.6 1.539 10.6 1.025 
4,000 43.5 1.639 30.5 1.484 16.3 1.211 4.6 0.663 
2,000 16.8 1.225 12.9 i0S tala 7.2 0.857 2.3 0.362 


In the case of the standard steel we notice that the lowest 
points depart from the straight lines. The other four points 
were therefore taken to find the slope. In the case of the medium 
silicon steel, the top as well as the bottom points show some slight 
deviations, but not sufficient to materially change the slope. 
The center three points were therefore taken as the values which 
would be the most nearly-accurate. The slopes as found are 
given in Table X. 

It seems, therefore, that for given amplitude the hysteresis 
loss is increased by the 1.9 power of the mean densities. 

The second part of the analysis, as stated before, was made to 
determine the increase and nature of the hysteresis loss with the 
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increase in amplitude. From the results in Table VII, we find 
that for standard steel, the hysteresis exponent is apparently 
1.75. It is to be expected that this exponent would be greater 
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Fic. 8—LoG Bm vs. LoG A HYSTERESIS CURVES FOR Various Am- 
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than 1.6, as the loops are of small magnitudes, and, as has been 
shown by Steinmetz, at low densities the hysteresis exponent 
deviates from 1.6 and approaches 2. Plotting the points as 
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given in Fig. 10 shows that not only is the increased loss with the 
increased B (max.) parabolic when referred to zero as mean density, 
but that tt is also parabolic when referred to any mean value of 
induction other than zero, and that the power remains practically 
the same. 


TABLE X., 
SLOPES OF LOG A LOSS—LOG B,»,, CURVES FOR VARIOUS VALUES OF B 


Range Slope 
B (max) 
Std. steel Medium silicon steel 
3 points 4 points 

2000 1785 1.98 2.09 
1500 1.87 2.00 2.12 
1000 1.93 Wot 2.04 
500 ale 23 1.93 2.12 
Average 1.85 1.95 2.09 


1.9 
Se a A eee 
Fig. 9 shows the same relationship for medium silicon steel. 
The slopes of these curves are tabulated in Table XI. 


A group of typical unsymmetrical loops about a common 
value of Bm is shown in Fig. 11. 


TABLE XI 
SLOPES OF LOG LOSS—LOG B CURVES AT VARIOUS VALUES OF Ban 
Slope 
By Medium silicon 
steel Std. steel 

10,000 ihetial 1.60 
8,000 1.74 1.67 
6,000 a bb aie} 1.6% 
4,000 1.69 L372 
2,000 1.69 lee 
(0) 1.69 Ti75 
Average a 1.69 


L. 
na Saye!) eros ase Th. Tiara! 

While the exponent 1.7 is consistent for these low values of B 
for general purposes although at the expense of slight increase in 
the average of errors it would undoubtedly be more consistent 
to consider the exponent as 1.6 when solving for 7, thereby 


BADE HYSTERESIS 2709 


“AFA 
| i” 


1915] 


2.45 oa SY 4 
i; “ 
+ {- + ASS + wy 
ay oKr 
Ge A» 4 
Ds SS 
+ -- Ky 
20 ~~ aaa 
oO 
2a) 
. 
18 | 
betel | 


Bm=0 — Slope=1.69 
1.6 B m=2000, Slope=1.69 —] 
1 B m= 4000, Slope=1.69 


14 } 


4 


==! 
27 28 (ee) 3.0 ch! 3.2 3.3 


LOG B 


Fic. 9—Loc Density vs. Loc Hysteresis Curves aT VARIOUS 
VALUES OF By—MeEpiIuM SILICON STEEL 


Slope =1.75 
B m= 2000, Slope=1.72 
B m= 4000, Slope=1.725 


3.3 


oa OG 3.0 31 32 


Fic. 10—Loc Density vs. LoG Hysteresis CurvES AT VARIOUS 
VALUES OF Bm—STANDARD STEEL 


2710 BALL: HYSTERESIS [Oct. 20 


having 7 on the same basis as is used for higher inductance in 
the well-known law. 

Having now found the loss in the unsymmetrical loop to in- 
crease as the power of Bm, it would be better to disregard the 
formula (1) as previously given, and consider an equation in 
which 7 represents the value for the symmetrical loop, and ex- 


8000 | 
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8-04 0.0 0.4 0.8 1.2 16 20 
-H +H 
Fic. 11—Group or UNSYMMETRICAL Loops ABOUT A COMMON CENTER, 
Bm = 6000—MeEpium Siicon STEEL 


press the increased loss as an increase of n. For a general case 
we may write the loss in the loop as 


h = (n + @ By? )B* (2) 


For the symmetrical loop Bm becomes O, and the equation 
h = B*. Letting x = 1.6 and as we find y = 1.9 we may write 


hi= (nO Bm 19) Bis (3) 


Solving the equation for the term (n + a Bm’) gives from 
these tests such as shown in Table XII. 
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TABLE XII. 
VALUES OF (+ « BmY) IN EQUATION (2). 
(Values multiplied by 10%) 


Medium Silicon Steel 


Range Range Range Range Range Symmetrical 
B 10,000 8000 6000 4000 2000 Loop 
2000 2.57 esi 1.54 OPH ee 1.05 
1500 2.57 1.90 iby i ey 1.14 1.05 
1000 2.44 1.79 1.46 125 dist 1.04 
500 2223 1.59 1.28 1.09 0.97 0.90 
Avg. Ist 3 2) S53 LSC 1251 1.26 1412 1.05 
Standard Steel 
2000 2.38 1.89 ialsy 4 33 1.19 1.10 
1500 2.41 2.01 1.60 132 LZ 1.06 
1000 Zoe 1.96 156 det 113 1.01 
500 2.26 170 1.39 1.10 0.99 0.88 
Avg. Ist 3 2.44 1.95 1.58 1.30 1.16 1.06 


Taking average values of 7 from those of the symmetrical 
loops, we find values of a B,,” to be as given in Table XIII. 
From these values we find y = 1.9 with much more certainty 
than for individual results. 


TABLE XIII. 
VALUES OF (a Bm) IN EQUATION (2) 
(Values multiplied by 10°.) 


Medium silicon] Standard 


Bm steel steel 
10,000 1.48 1.38 
8,000 0.82 0.89 
6,000 0.46 0.52 
4,000 0.21 0.24 
2,000 0.07 0.10 


Table XVI gives average values of a. 


TABLE XIV. 
VALUES OF a IN EQUATION (2) 
Values (multiplied by 101°) 


Medium silicon Standard 
Bm steel steel 
10,000 0.362 0.347 
8,000 0.314 0.341 
6,000 0.304 0.344 
4,000 0.301 0.344 
2,000 0.374 0.335 


Avg. 1st 4 0.320 0.344 
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From the above evaluations we find: 
For medium silicon steel: 


h-= (1.05 * 10-35 + 0.320-« 10° Jeprehy eb (4) 
For standard steel: 
h = (1.06 < 10 + 0.344 x 10-7 Bey Bs (5) 


A loop taken at B = 10,000 for the medium silicon steel veri- 
fied the value for 7 of 1.05. 

Calculating the hysteresis losses from equations (4) and (5) 
we obtain the results given in Table XV. 


TABLE XV. 
HYSTERESIS LOSS IN ERGS PER CM IN UNSYMMETRICAL LOOPS CORRES- 
PONDING TO SYMMETRICAL LOOPS OF THE RANGES INDICATED. 
CALCULATED VALUES. 


Medium Silicon Steel 


Hysteresis 
Bm Range 2000 Range 1500 Range 1000 Range 500. 

10,000 445 282 147 48.5 
8,000 361 229 119 39.4 
6,000 292 185 96.6 31.8 
4,000 242 154 80.1 26.4 
2,000 212 134 70.1 230d 

0 201 127 66.3 21.8 


Standard Steel 


10,000 464 294 153 50.5 
8,000 372 236 123 40.6 
6,000 302 LOW EET 32.9 
4,000 248 157 82 27.0 
2,000 216 137 13 23.5 

0 ~ 202 128 66.9 22.0 


Comparing the results in this table with those of Table VII, 
we find the errors to be as given in Table XVI. The greatest 
errors are found to be for the case of the loops of the range 500. 

A glance will readily show that the large errors are not caused 
by assuming 1.9 as the power of Bm, but by assuming 1.6 as 
the power of B for these low values. Subtracting the errors of 
the symmetrical loop from those of the unsymmetrical loops of 
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the range 500, we find the errors to be much less. These values 
are also tabulated in Table XVI. Considering these last 
values, we find the maximum error in the table to be —12 per 
cent. Disregarding the loops of the range 500, and the loops 
with B, = 10,000, in which the flux in the steel scale influences 
results, we find a maximum error in the table to be 5.3 per cent. 


TABLE XVI. 
ERRORS OF RESULTS CALCULATED FROM EQUATIONS (4) AND (6), FROM 
TESTS RESULTS OF TABLE VII. 


Medium Silicon Steel 


Per Cent Error 
Range 500 Avg. 
Error 
Bm Range Range Range 
2000 1500 1000 Error A Error 
10,000 —9°6 —9.0 ail 5) + 4.8 = 12% = 858 
8,000 ail 0 + 5.3 +19 + 2. +1.5 
6,000 Sle +1.1 +4.5 +19. + 2. +1.6 
4,000 0. + 0.65 +1.4 +21. +4. +1.5 
2,000 — 0.93 = 2°2, +0. +15. we = ihe} 
0 0. 0. sola elie § 0. 
Avg. —0.9 
Standard Steel 
10,000 + 2.9 NGI SA elt + 7.4 2G il iy 
8,000 + 2.8 —2.5 =70.6 ote pelle dayeltay = bs) 
6,000 Ones Shs} +1.2 + 13.8 On: > I ts) 
4,000 Sh fs} = 40) +2.2 + 22.2 + 2.0 +02 
2,000 ore — 258 + 0.3 + 14.1 ae Gia: tS oh 
0 3 +0 +47 + 20.2 0. 0 
Avg. iar t 
Avg. of all —1aL 


When comparing the errors with those of Table VIII, it is con- 
sistent to take the results in column marked A error for the range 
500 loops; for when Table VIII was calculated the results for 
the symmetrical loop were measured instead of being calculated 
and were therefore independent of any errors in the 1.6 law. 
Taking the table in its entirety, we find that the equations enable 
us to calculate hysteresis losses in unsymmetrical loops with 
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errors ranging from 0 to 12 per cent, instead of from 7 to 160 per 
cent as with the old method. 


DIscussiIon oF Test RESULTS 


The author fully appreciates the fact that to substantiate the 
validity of equation (2) as a law, and more especially the con- 
stants in equations (3), (4) and (5), would require much more 
data than are likely to be available except as the result of the 
natural accumulation of many tests from various sources, or of 
an investigation involving much time and expense. 

Bearing on the tests herein cited were some variables which, 
while they were not incorporated into the present calculations, 
were not unappreciated. For instance, the steel tested had ap- 
proximately 10 per cent of scale and in consequence, at induc- 
tions of B = 10,000 and above, the apparent value of 7 of the 
symmetrical loop was increased by the flux in the scale. This 
fact has been advanced to account for the apparent increase of 
losses in symmetrical loops at high densities, above that found 
by the Steinmetz law. At such a range of inductions as, for 
example, B = 12,000, to B = 8000 and return to B = 12,000, 
the flux distribution between the steel and the scale must of 
necessity vary to a considerable extent, and since the coefficient 
for scale is much higher than that for steel, this fact must affect ~ 
the losses. Another variable lies in the fact that 1.6 is not an 
accurate value for x at low inductions, as Dr. Steinmetz has 
himself shown in his original paper ‘‘ On the Hysteresis Law.”’ 

No effort was made to determine the core loss when alterna- 
ting current is superimposed on direct current, owing to the fact 
that eddy currents are induced currents due to a voltage whose 
value depends on the amount and rate of flux change, and in 
consequence would be independent of the fact that the loop 
was symmetrical or unsymmetrical. Any variation in the eddy 
current due to the flux distribution, which would be slightly 
changed in the unsymmetrical loops, would probably be small. 

. The wave shapes of the magnetizing current may readily be 
found from the unsymmetrical loop. It is easily seen that the 
two sides of the wave would be different in shape, one side 
being considerably more peaked than the other. = 

Analyses were made to connect the nature or the increase 
of loss with the mean value of H, maximum value of H etee 
but no significant connection was found. 


The average B was also considered, not as 2 Anas Bee) : 
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but as the density which would be at the center of gravity of 
the loops. Analyses showed that these results gave but little 
variation from those cited in this paper. 

Some work was done to measure the losses with the dyna- 
mometer wattmeter, producing the cycles by an alternating 
current superimposed on direct current. These tests were un- 
fortunately abandoned before any definite results were obtained, 
owing to the other necessities. 

An attempt to form a quadratic equation for these loops, 
comparable with the quadratic equation which has often been 
suggested for the symmetrical loops, gave no better results 
than the equation herein cited. 

It was rather unfortunate that the samples of standard steel 
and the medium silicon steel should give results so nearly alike. 
This has often been found to be the case with the test results 
at low densities, the lower losses for silicon steel appearing at 
moderate and high inductions. The identity of the material 
and the results of many loops have been carefully verified since 
the original results were tabulated. The difference in losses 
between the two grades for a number of samples would beyond 
doubt show greater difference than that given by the samples 
tested. 

In the investigation of unsymmetrical loops, two extensions 
would be of interest. Large loops with large displacements 
are difficult to obtain, due to the high magnetizing currents 
required; large loops with small displacements would be. of 
considerable interest and value. 

There is an infinite number of loops which may be repro- 
duced, in which neither the maximum nor minimum points lie 
on the normal induction curve. This field has, to the author’s 
knowledge, never been investigated. 

In conclusion the author desires to acknowledge the kindness 
of Dr. C. P. Steinmetz for valuable suggestions during the 
progress of the investigation and in the reviewing of this paper. 
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Discussion ON ‘‘ THE Errect oF DispLacED MaGnetic Put- 
SATIONS ON THE HysTEeREsIS Loss oF SHEET STEEL ”’ 
(CHUBB AND SPOONER) AND ‘‘THE UNSYMMETRICAL HysTER- 
Esis Loop” (Bat), St. Louis, Mo., OctoBer 20, 1915. 


M. G. Lloyd: One interesting thing about this work is 
the methods of measurement which have been used. . It 
seems to me the methods used by the first authors, at least 
the principal method used, that involving the volt-second- 
meter which, I think, is what is usually called a flux meter, 
is applicable only to specimens with very large cross-sections, 
such as the cores of transformers or other large pieces of ap- 
paratus. I should think with a small specimen it would not 
be feasible to take such readings as are described. Measure- 
ments on an apparatus of that kind are always valuable with 
the object of applying the results to other similar apparatus. 
I always feel they are not of niuch value when getting the 
constants of the material, determining a physical law, or de- 
termining exponents, for the reason that there is a very non- 
uniform distribution of the flux. The flux-density varies con- 
siderably over the area of the material being tested, and that 
fact is likely to vitiate the results so far as determining the 
constant of the material is concerned. On that account I 
think it preferable to make use of test specimens for that par- 
ticular purpose, as has been done in. the other paper. 

I am sorry that more results are not presented to us making 


use of the a-c. method with the wattmeter, as is done in the 


first few tests mentioned by Messrs. Chubb and Spooner. 
It seems to me this particular case is the one where that meth- 
od is particularly suitable, since it involves the same range 
of flux-density, but varying the middle point of the range. 
The great bugbear to determining hysteresis losses by the 
a-c. method is the eddy currents, but in this particular case 
they will not give trouble, for the reason that the same range 
of flux means the same effective voltage and consequently 
the same eddy-current loss. I assume the use of a sine wave, 
and that would be really essential to get any results of value 
in this kind of a test. I feel that the a-c. method is particu- 
larly suited to this determination. A 

In regard .to some of the details of the first paper, it does 
not seem to me that the sixth conclusion that the displace- 


ment factor is a function of the permeability, is very fully © 


borne out by the experiments, because there are only a few 
data given as regards that relation. It did not seem to me 
that they are sufficient to justify the results stated in that 
connection. As in the case of the Steinmetz exponent, I do 
not think that there is any particular significance to be given 
to this exponent 1.9 for the coefficient of the flux-density in 
the formula. It is not entirely constant even in the experi- 


\ 
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ments which are given here, and there is no reason to suppose 
that it might not vary even more if the experiments were more 
extended. 

Trygve D. Yensen: I should like to call attention to‘a 
point that is not very clearly brought out in the paper, al- 
though it can be figured out by combining a number of the 
curves. The hysteresis loop, as we ordinarily think of it, has 
a form as shown in Fig. 1. We have found in our experi- 
ments, however, and other investigators have found, that in- 


Fie. 1 Bice, 7 


stead of falling below the magnetization curve the lower bound- 
ary of the loop may cross the magnetization curve as shown 
in Fig. 2. An explanation of this feature would be very wel- 
come. 

Thomas Spooner: A comparison of Mr. Ball’s results and 
data obtained by Mr. Chubb and myself may throw a little 
further light on the subject of hysteresis loss. As stated in 
our summary, we were unable to find any formula which would 
adequately express our data over all ranges, but, after read- 
ing Mr. Ball’s paper, I took our data and attempted to apply 
it to his formula. Due to slight variations in testing, the 
results are not very satisfactory as calculated from the 
original data of Table I, so, in order to eliminate as far as 
possible, testing variations, I took the double log curves in 
Fig. 26 of our paper, and from those obtained the logarithms 
corresponding to each kilogauss of induction. I converted these 
to areas, subtracted the symmetrical loss areas from the dis- 
placed areas, converted these values to logarithms, just as 
Mr. Ball did, and plotted logarithmic curves between dis- 
placement and loss; that is, curves similar to those shown in 
Figs. 7 and 8 of Mr. Ball’s paper. The slopes of these curves 
give the exponents corresponding to 1.9 in his formula 


(h = (N + A Bm") B16), 
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These exponents are as follows: 

Exponent 
35 
40 
. 98 
eae 
.61 
.49 
45 
.18 


COIRAMPWNHE| by 
eee eee bd dD 


109 

The column marked B contains the pulsating induction values 
in kilogausses. The column marked exponent contains the 
exponents as figured by Mr. Ball’s method. 

Mr. Robinson pointed out that he could not exactly make 
the varying slopes of the curves of Fig. 26 coincide with a 
constant exponent of 1.9 as given by Mr. Ball. The reason 
is that, when calculated from our data, the exponent is not a 
constant, but decreases very considerably with the displace- 
ment. In fact, we can state with considerable assurance, 
that if we had been able to carry our displacements to some- - 
what higher values, the exponent would become actually nega- 
tive; that is, the hysteresis loss would decrease with displace- 
ment. However, for calculating increased losses in the teeth 
of rotating machines Mr. Ball’s formula is undoubtedly very 
satisfactory, because under those conditions, while the dis- 
placements vary greatly the amplitude of pulsating induction - 
is small, which is the condition of his investigation. 

In regard to the matter of closing the hysteresis loops, men- 
tioned in Mr. Ball’s paper, we found the same effect... da ait 
cases, or nearly all cases the loops failed to close by less than 
1 per cent of induction, and in most cases by very much less 
than that, so that we neglected the effect and closed the loops 
according to the first method suggested by Mr. Ball. As he points 
out, the errors due to this are very small. 

Mr. Ball mentioned the fact that he excluded 2000 induc- 
tion values from our data, because of certain discrepan- 
cies there. The only value which was to any consider- 
able extent in error, was the second value of 1.18. That error 
was not noticed until after we had completed all our data. 
However, we know the reason for the discrepancy. Notice 
the diagram of connections for the volt-second-meter apparatus, 
Fig. 4. There was a safety gap there, which became short- 
circuited, increased the reading of the ammeter, and conse- 
quently, increased the apparent area of the loop. It may be 
interesting to state that the breakdown of this gap was pro- 
duced by a discharge across a 50-cm. Spark gap in the same 
room. 

With regard to Dr. Lloyd’s remarks, we have used the volt- 
second-meter apparatus on samples as small as the core of a 
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5-kw. distributing transformer and obtained very satisfactory 
results. I doubt if we could use a smaller sized sample than 
that. We chose this particular method, realizing that there 
are certain errors due to non-uniform distribution of flux in 
the transformer core, because we could obtain a large amount 
of data with a comparatively small expenditure of time and 
money. 

The a-c. method, with all necessary corrections, is compli- 
cated. We have the eddy current losses, which can be taken 
care of, although it is difficult to determine the percentage 
when you work down to inductions of 1000. We prefer some 
methods of getting the hysteresis losses alone, if we can do 
that. In the a-c. tests which we made, we could not keep 
a sine wave voltage at the high inductions, due to unavoidable 
distortions, as pointed out in the 
paper, but we made corrections 
for form factor, which probably 
took care of that adequately. In 
regard to Table II of our paper, 
showing the relation between per- 
meability and displacement factor, 
there is no apparent relation with 
an induction of 10,000 gausses. 
With 15,000 gausses, you will note 
the last two samples B and C 
have considerably lower permea- 
bility values at 15,000 and the 
displacement factors are decidedly 
larger. Now, the only possible 
error we could have made, that 
I could think of, is the distortion 

H of the voltage due to the exciting 
Pie. +3 current. This would tend to peak 
the voltage and produce an appar- 
ent displacement;factor, which is smaller than the results we have 
obtained. We have made no form-factor corrections in ob- 
taining these data. So, as a matter of fact, the displacement 
factors shown in the last two samples are undoubtedly larger 
than indicated by the table. The argument which led us to 
investigate this matter is this—suppose you have two mag- 
netization curves as in Fig. 3, one for a high permeability 
sample and one for a low permeability sample, and suppose 
we have a displaced loop for each sample as shown, the pul- 
sating induction and displacement being the same for each. 
It seemed reasonable to us, that the area of loop a for the low 
permeability sample should be larger than that of loop 6 for 
the high permeability sample. It may not be so, but what 
little data we did obtain, pointed definitely to that fact. At 
the lower inductions, the difference would be smaller, and 
would probably be masked by other effects. 
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John D. Ball: The agreement between the tests given in 
these papers and the exponent 1.9, Mr. Spooner has explained, 
and it will not be necessary for me to bring it up again. [ 
made these same calculations Mr. Spooner made, and I took 
the average of his results, without taking them individually, 
and find they are.quite correctly represented by 1.9. 

Speaking about the higher results of silicon steel, as men- 
tioned in the paper, it is very unfortunate that for the two 
samples that I chose, the losses for the standard steel should be 
a little bit low and for the silicon steel they should be a 
little bit high. The silicon steel contains 2.5 per cent sili- 
con, and is not transformer steel. That increased loss which 
has been mentioned has been observed a great many times, 
and is an increased loss at high inductions above what may 
be expected if deduced from the loss at B equals 10,000. 
I made an investigation of this, and can account for it. 
It is due to the fact that when «the flux is going through 
the iron up to about B equals 10,000 the iron is carrying high 
flux density, and when you get above the H that gives B equals 
10,000, the flux density of the scale increases extremely rapidly. 
The coefficient for scale is much greater than that for steel, 
and consequently you will get a much greater loss. 

We accept the 1.6 law, and find it holds for steel, and also 
holds for scale, but when the proportion of flux is varying 
between the two, you would not any more expect the 1.6 or 
any other law to hold for the mixture than you would take 
the compressive strength of a brick, and expect it to hold for 
a brick wall withten per cent of mortar. That is the way 
it seems to come out. I am inclined to think that the results 
of tests which show more losses for the silicon steel than for 
the standard steel are not at all truly representative of an 
average number of samples. 
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DECOMPOSING MAGNETIC FIELDS INTO THEIR 
HIGHER HARMONICS 


BY H. WEICHSEL 


ABSTRACT OF PAPER 


When it is necessary to decompose a magnetic field into its 
higher harmonics the same methods used for analyzing current 
and voltage waves may be employed. In many cases, however, 
the usual long mathematical operations can be avoided by rep- 
resenting the field shapes as geometrical figures, such as triangles, 
rectangles, trapezoids, etc., all of which waves may be considered 
as composed of a number of triangular waves with certain phase 
displacements against each other. Equations are then deduced 
for the harmonics of various wave shapes based upon Fourier’s 
equation for a triangular field. 


N DEALING with alternating current problems, it is 
customary to resolve the current and the voltage waves 
into their higher harmonics. The methods usually employed for 
analyzing such waves consist of fairly lengthy mathematical 
operations. 

Frequently it is necessary to decompose the magnetic field 
into its higher harmonics. Obviously the same methods used 
for analyzing the current and voltage waves can be used for 
analyzing the shape of the magnetic field. In many cases, how- 
ever, the magnetic field can be represented by a more or less 
geometrical figure, such as triangle, trapezoid, etc. Under such 
conditions it is possible to facilitate the analysis of the field 
shape by employing the methods discussed below. 

Some of the field shapes most commonly occurring in alter- 
nating-current machines are given in Figs. 1a to 1H. 

A little thought will show that all these figures are very closely 
related to each other. For instance, it is self-evident that the 
rectangular wave (Fig. 1c) is only a special case of the trapezoid 
wave (Fig. 1p). Fig. 2 shows that a trapezoidal wave can be 
considered as made up by two triangular waves which are phase 
displaced against each other. A further study of the Figs. 
14 to 1H, will show that all these waves may be considered as 


2721 


2722 WEICHSEL: HARMONICS [Oct. 20 


composed of a number of triangular waves with certain phase 
displacement against each other. 


TRIANGULAR WAVE 


The harmonics of a triangular wave have been determined 
by many mathematicians. The Fourier’s equation for a tri- 
angular field may therefore be considered as known, and will 
be used in the following as the basis of all discussions. 

The Fourier equation of a triangular wave is 


JY2=(Bi sinx + Bssin3x+ B;ssindx«+..B, sin CX) Ra) 


| | 7 [ 
Fig, lc © Fig. 1d 


Fig. le \ / Fig. lf x Z 
Fig. 1g | Fig. 1h \ / 


Bie. 1 


where the constants B have the following values: 


By, = +0.811 By; = —0.017 Biz = + 0.005 Bip = — 0.002 
B; = —0.09 By, =+ 0.010 Bis = — 0.004 Ba, = + 0.002 
Bs = +0.032 By, = — 0.007 By; = + 0.003 B,, = — 0.002 


and Hy, represents the height of the triangular wave. (See 
Figs 3). 


TRAPEZOIDAL WAVE 

The trapezoidal wave in Fig. 2, can be considered as composed 
of two component waves of triangular shape. Fig. 2 clearly 
shows that the displacement between the two component tri- 
angular waves is equal to the length of the flat side parallel to 
the base of the trapezoidal wave. 

Let ‘ b” denote the base, and its length be equal to 180 deg, 

Let “a ” denote the length of the parallel side. 


1915] WEICHSEL: HARMONICS 2723 


The displacement a, expressed in degrees, between the two 


triangular fields is then a = a 180 deg. 


From Fourier’s theorem it follows that the base of the fund- 
amental wave is equal in length to that of the resultant wave, 
and that the base line of the resultant is an odd multiple of the 
base lines of all the different higher harmonics. Similarly, the 
base line of the fundamental 
wave of the triangle ghk or 
def, equals the base line of the’ 
resultant trapezoidal wave, and 
this base line in turn equals the 
base line of the fundamental of 
the trapezoidal wave. This latter 
wave may, therefore, be con- 
sidered as composed of two sine 
waves which are displaced a 
deg. in phase against each other. These component sine waves 
are the fundamental harmonics of the triangular component 
fields. They can therefore be added graphically as shown in 
Fig. 4. From this figure it follows that the resultant funda- 
mental is given by 


ES MOTE ec (+) eH 


PIG. 3 


For H, and B’ see Fig. 5. 

In exactly the same manner it will be seen that the third 
harmonic of the trapezoidal field is the vector sum of the third 
harmonics of the triangular fields ghkanddef. The phase dis- 
placement of these two component third harmonics is 3a. They 
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combine, therefore to a resultant third harmonic with a maximum 
value of 


Hy; «By = DB yee cos (32) 


The same reasoning can be applied to any other harmonic, 
We obtain, therefore, the general equation 


Hy.t Bal = 2 BEL COs (4) 


2 
where 
= = - 180° ° (see Fig. 2) 

= Se casenckebe ee ee eee | 

se a). j\eemre ----- d ——--- 

| BHT | | 
Fic. 5 | 

B, = coefficient for the nth harmonic of a triangular field; 


(see equation 1.) 
B,' = coefficient for the nth harmonic of the trapezoidal field. 
H, = max. ordinate of the trapezoidal field. (See Fig. 2.) 
Hy, = max. ordinate of the triangular field. (See Fig. 2.) 


The equation of the trapezoidal field can therefore be written 
as: é; 


a a 


Yr = {B,'’sinx + B;,’sin8x+...... B,' sin (nx)} - H; 


= Hy, } 2 Bi cos ($) sin x + 2 Bs cos 5 sin (3 x) 


ee toe 2B, cos (7) sin nx} 
Usually it is more desirable to express the different harmonics 


as functions of H;, the maximum ordinate of the trapezoidal 
wave. This can be done by expressing H as function of Ha 
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By referring to Fig. 2 we find triangle hm k is similar to tri- 
angle i m k, therefore 


hn 1m 
eee mpi buthn = Hy 
b 
a 
ee 
Lt 2 
b-—a 
mk = 5 
Therefore 
I cecal JG le Se 16k lh 
co 2. Gay eo Grae 
2 


This substituted in the above equation gives the equation 
for a trapezoidal field as 


5 b 3 b : 
Vn Seal } By cos al 77) sinw + Brcos 2 (5?) sin 3x 


b 2 
+ Bn cos ny) s—) sin ( x) 
ar ee 2 b-a i 
Further, = = ae a= 4 


Introducing this value in the above equation, we obtain: 


Y, = H, |B: cos (3) aS sin (x) 


180 
+ ‘BR: cos (4) none sin (8 x) +. 
+ B,, cos eh = sin (n x) | (2) 


B,, B3, Bs, By, represent the coefficients of equation (1). 
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a 180 
The product B, cos Tr gota 
3a 180 
dere e GLK = 2 
B, cos —— se 


2 180—a 
“may be called the-coefficients B;’, B;’, Bs’, B,’ 
The equation of a trapezoid reads, then, 
Y, = Hy {By'sinx + Bs’ sin (8x) + ...Bn’sin (nx)} (2A) 


The nth harmonic expressed in per cent of the fundamental 
harmonic, is, therefore, 


B.! B,, cos (**) B, cos Ea) 
100 =; = ———*—~ 100 = —_1-4 109 (3) 


i ) =) 
B, cos ($ 0.811 cos ($ ] 


Anexample willdemonstrate the use of equations two and three. 

The stator winding of a single-phase motor covers 75 per cent 
of the pole arc. The equation of the stator field is desired. 

It is evident that the flat part ‘‘a”’ of the trapezoidal wave is 
25 per cent of the pole arc. The angle is, therefore, 


a = 180 X 0.25 = 45 deg. 
and 
180 180 
180—a 135 — Toe 


The coefficient B,’ in equation (2a) is therefore 
B,’=0.811 cos 22.5 X 1.333 =0.811 X1.333 X 0.92388 = 0.996 


The maximum ordinate of the fundamental harmonic is there- 
fore 99.6 per cent of the maximum ordinate of the trapezoid. 

The coefficients B;’, Bs’..... B,' are most conveniently cal- 
culated by tabulating as follows: 
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eee 


Harmonic By 
BL -100= 
an 2 
=n 5 cos —& a Bn By, cos ee Bavco > 
B} cos a /2 ae 
1 22.5 + 0.924 + 0.811 + 0.749 100% 
3 67.5 + 0.3827 — 0.09 — 0.0344 — 4.59% 
5 TBs = 0.3827 + 0.032 — 0.0123 — 1.64 
7 157.5 — 0.924 SOmOid + 0.0145 —+-1.93 
9 202.5 — 0.9205 +0.01 — 0.000205 =e 
11 247.5 — 0.3827 — 0.007 + 0.00267 + 0.356 
13 292.5 + 0.3827 + 0.005 + 0.001915 + 0.256 
15 330-9 + 0.92 — 0.004 — 0.00368 — 0.49 
17 382.5 + 0.92 + 0.003 + 0.00276 + 0.368 
19 427.5 + 0.3827 = 0), 002 — 0.000766 — (0) 104 
21 473.5 —On38s2 + 0.002 — 0.000766 = ORO2 
23 $17.5 — 0.92 — 0.002 + 0.00184 + 0.246 


This table shows that the third harmonic amounts to —4.59 
per cent of the fundamental harmonic. The negative sign 
indicates that the third harmonic begins with a negative part. 
(7. e., the first curve lies below the axis.) 


RECTANGULAR WAVE 
A very interesting case arises when the trapezoidal wave goes 
over into a rectangular wave. This occurs when a = bora 
= 180 deg. Substituting these values in equation (3) we find 


B.! By, cos ie _ 0 
Se LOO ee 1g 
1535 0.811 cos 90 0 


This indeterminate expression can be evaluated by differen- 
tiating. 


B, _ B, n sin (90° 2) 
By’ Ns 0.811 sin 90 a! 
/ 
Bn 100 = Bo 4 n sin (90° n) 100 (4) 
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The factor sin (90° m) equals unity for all the different values 
GLMCA GS Ao, ans 

For the harmonics m = 1, 5, 9, 18, etc., sin (n 90°) is positive, 
and negative forn = 3, 7, 11, 

From equation (1) we know that the 3rd, 7th, 11th, etc. har- 
monics of a triangular field are negative. It follows therefore, 
that all higher harmonics of a rectangular field are positive. 

Equation (4) points out the very important fact that the nth 
harmonic of a rectangular field expressed in per cent of the 
maximum ordinate of the fundamental, is equal to times this 
value for a triangular field. 

The maximum ordinate of the fundamental wave of a rec- 
tangular wave expressed in per cent of the maximum ordinate 
of the rectangular wave can be found by use of equation (2A). 


Re oe iwes)- S) (4) 
B, = Bi 608 (Say = B,cos ie Ag 


For rectangular wave a = 180, therefore 


1 
IBY = By, Cos 90° = > > 


This expression can be made determinate by introducing the 
relation 


a=t.g a= y 
b 7 
then 
Bh a = Con FOB CO ame 
7 T 
By differentiating and setting @ = @ we find 
0.811 . /a 
By = —paisin (S) ee ay (5) 


The maximum ordinate of the fundamental wave of a rectan-. 


gular field is therefore 127.5 per cent of the maximum ordinate 
of the rectangle. 
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From equation (4) and from B,’ = 1.275 we find the coeffi: 
cient. BD, to be 


ei : 
os a n B, sin (90° n) =1.57 n+ By sin (90° 2) 


Substituting some of the values of B, from equation (1) we 
find 


BY S275 
B;’ = — 1.57 X 8 X 0.9 sin 270° = + 4.25 
Be =the <5 X 0,032 e181 (480°) = 0.252 


The complete equation of a rectangular wave is therefore 


VY, = | By! sin x + By sin3x + .... By sin (nx) hu, (6) 
where B,’ = 1.57... B, sin (90° n) 
and where B, is the value governing equation (1) 


COEFFICIENTS FOR ANY TRAPEZOIDAL WAVE 
The equations (2) and (6) enable us to calculate the higher 
harmonic for any trapezoidal wave.. By the use of these equa- 
tions a great many trapezoidal wavés have been analyzed and 
the results plotted in Figs. 6 and 7. In many cases it will be 
found useful to refer to these curves. 
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INTERRUPTED WAVES 


The waves discussed so far had zero ordinates for the angles 
0, 180, 360 deg., etc. Some waves or field shapes occur, how- 
ever, quite frequently which have zero ordinates over a consid- 
erable tange of angles. In the following discussion such waves 
are referred to as “‘ interrupted waves.” 

Figs. lr, 1c, 1 represent such waves. 

It is easy to analyze these waves by employing methods 
similar to those outlined above. 


—— z % 
0.35 ar + = Is 


4 
ii 4 eee " 7 14 
B 
0.25 + [25 
0.20 | 
B; 
“ 0.15 ip 7 B 
Bu 
0.10 Bis 


0.05 - ‘ V/ 


INTERRUPTED RECTANGULAR WAVE 


An interrupted rectangular wave is evidently formed by the 
addition of two “ uninterrupted rectangular waves ’’ which have 
a certain phase displacement against each other. This will 
readily be seen by referring to Fig. 8. 

From equation (6) for an uninterrupted rectangular wave 
it follows: 

Y, = Hy (1.275 sin x + 0.425 sin 3 x + 0.252 sind x + 0.186 sin 
7x*+ 0.141 sin9 x +0.19 sin 11 x + 0.102 sin 13 x + 0.0939 sin 


15 x + 0.0801 sinl7 x + 0.044 sin 19 x + 0.0656 sin 21 x + 0:0721 
sin 23 x) 
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The interrupted rectangular wave given in Fig. 8, is composed 
of two uninterrupted rectangular waves with a phase displace- 
ment of y deg. against each other. The maximum ordinate of 
the fundamental harmonic for the interrupted rectangular wave 
is therefore the vector sum of the maximum ordinate of the 
fundamental harmonic of the two component uninterrupted 
rectangular waves. 

This is graphically represented by Fig. 9. 

From this it follows that: 


By, Hy, = 2 Bi’ * BH, cos ¥/2 


or generally 


Pry, 
Pod Seer 4 
tit ae a i f 
ee 
Re om fies 
H . 
! i Wide a 


The complete equation for an interrupted rectangular wave is 
_ therefore: 


View By,’ sin X + Bs,’ sin X+....Bn,’ sin (nx) (7) 
where B,,’ = B,’ cos (=) and B,’ equals the coefficient for 


the nth harmonic of an uninterrupted rectangular wave. 
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From equation (6) we know B,’ = 1.57 B, sin (90° n) 


Therefore: B, ’ = 1.57 B, sin (90° 2) cos ( it =~ ) (Ta) 


Where B, = coefficient for a triangle (see equation (1) 


y= a 180° (see Fig. 8). 


H, = maximum ordinate of interrupted rectang- 
ular wave. (See Fig. 8.) 


INTERRUPTED TRIANGULAR WAVE 
A wave given in Fig. lr may be called an “interrupted tri- 
angular wave.” It will be shown that such a wave may be 
considered as composed of two uninterrupted trapezoidal waves 
which are equal but have a phase displacement of a degrees 
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against each other. This is shown in Fig. 10. From this 
follows: 


C=A-—-2d 


C5 Oe 
b b 


buta +2d=b;2d=b-da. 


Coe \ et Dic 0 al reg) 
Therefore Bore ge ne eae 1 

CANS ee: Py Ogee 1 

20h 5) ae 

Cine 470 

py eho y 


1915] WEICHSEL: HARMONICS 2733 


and if we make a = 7 180° 
ae PE HRRNT Surtees 2 
y= 7 180° we get: 180 ~ 360 +- 5 
oy = + + 90° (8) 


The equation (8) gives the very important relation between 

the angle @ of the trapezoid and the angle Y, over which the 
ordinates of the interrupted triangular wave are zero. 
’ The phase displacement between the two trapezoids forming 
the interrupted triangular wave, is equal to a deg. as indicated 
in Fig. 10. If B,’ Hy represents the maximum ordinate of the 
nth harmonic belonging to one component trapezoidal wave, 
then the maximum ordinate Bn,’ Ha; of the nth harmonic 
belonging to the interrupted triangular wave is given by 


Be 


a 


But Ha, = 2 H; 


EAs = 2B. 2° -COs 


Qn 
2 


Therefore B,,;’=B,’ cos 


On the other hand we know from equation (2) that 


Ae nN a 180 
eng ooees a v1R tag 


The complete equation of an interrupted triangular wave, is 
therefore 


2 
Ya, = Ha; 1 By, cos = sin X + Bs; cost ae ) sin3 X 
na : 180 
== Jue + 1B ir, cost 5} ) sin (n x) TR atry (9) 
Wihteres Bibs. an8 B, are the coefficients of equation (1) 


and @ is given by equation (8). 
a= y/2+ 90° 
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Y = angle for which the ordinates of the interrupted wave are 
zero. (See Fig. 10.) 

Some time may be saved in analyzing interrupted triangular 
waves, by making use of the curves given in Figs. 6 and 7. 
These curves give the coefficient B,’ of an uninterrupted trape- 
zoidal wave. Introducing these values we obtain: 


Ya; = Ha, 1B, cos S sin X + B3' cos se sin3 X +.... 
+ B,,’ cos oe sin (n x} (9a) 


INTERRUPTED TRAPEZOIDAL WAVE 


Fig. 1H represents an interrupted trapezoidal-wave. It will 
be shown that such a wave can be considered as composed of 


two uninterrupted trapezoidal waves with a certain phase dis- 
placement € against each other. Fig. 11 demonstrates this 
clearly. From this figure it follows: 


C+ 2f = ad ‘ 
c+d=a-— 2fbuta + 2f 
2 f 


therefore ¢ d=) G2) a = Og ee 


d+b : 
Ga= Fete and if we introduce the relations (10) 
a= 7 180° 
d 
hy = 7 180 
y = + 180 
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From Fig. 11 we see further that 
€ = a — d; or expressed in degrees, € = a — 6 
Introducing the value for aw from equation 10, we find 


pts y + 6+ 180— 26 _ ¥ + 180° — 6 
po SRA toy Ha 
oe + 90° 


(11) 


The equation (11) gives the phase displacement € between the 
two component uninterrupted trapezoidal waves, expressed in 
terms of y @ 6, which are the factors that determine the shape of 
the interrupted wave. 

In a similar manner equation (10) determines the value a@ as 
a function of the determinant factors y a 6 of the interrupted 
wave. 

The equations (10) and (11) determine, therefore, the shape and 
the phase displacement of the two component uninterrupted 
trapezoidal waves. 

The harmonics of equal order belonging to the two component 
uninterrupted trapezoidal waves, add vectorially and form the 
harmonic of equal order belonging to the interrupted trapezoidal 
wave. 


We obtain therefore: 
BiAbOrpe O88 os SFT mee + 
Dut Se 


Therefore Bi,’ = By’ cos 5 
In the same manner we find the coefficient of the nth harmonic: 


€n 
Ba= £Bine- COS oi 


The equation for an interrupted trapezoidal wave is, therefore, 


Y;,, = H;; | By’ cos sin X + By’ cos os sin3 X +... 


+ B,’ cos oa sin (7 x) (12) 
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where B,’, B;3’;... B,’ are coefficients from curves 6 and 7 or 
from equation (2a). 
If it is preferred to introduce in equation (12) the coefficients 


B,; B; .... B, of a triangular wave, we must remember that 
; n Oo 180 
Dao oo ee 5 ) 180-’ therefore 


a 180 eu; 
= H,, |B, cos (3) Ts0-a@ ©S 9 Sin xX 


38a 180 38e\. 
+ Bs cos ( 5 ) 180 aw cos (=<) sina x 


+ B, cos (3) as cos (45) sin (1 x) (12a) 


Where Bi; Bz; .... B, are the coefficients of a triangular 
wave as given in equation (1). 

For a and ¢’ see Fig. 11 and equations 10 and 11. 

The equation (12a) represents the equation of an interrupted 
trapezoidal wave, but as an interrupted rectangular wave is a 
special case of interrupted trapezoidal wave, it must be possible 
to transform equation (12a) into equation (7). This can be 
accomplished by making 6 + y = 180. 

Therefore equation 10 becomes a = 180, and equation (11) 
becomes 


ee ie ogee mit Bark EU 28 
2 
€ =c¥ 


Introducing these values into equation (12), we find 


Y,,= H,, By’ cos ts sin X + Bs’ cos ewe sin (3 X) 


+ ..B,' cos (4) sin (n x) 


which is the same as equation (7) for an interrupted rectangular 
wave. 


1915] WEICHSEL: HARMONICS 2737 


In a similar manner we can derive from equation (12) the 
equation (9) for an interrupted triangular wave. Inthiscase we 
make d = 0 


vy + 180 


Therefore a = 5 


from equation (10) and e€ = 


180 ; ; 
a from equation (11). Therefore ¢ = a and this 


substituted in equation (12) gives: 


Y,, = H,, Br’ cos & sin X + B;’ cos te sin 3 X 


2 2 
og B,  COS — sin ( x) 
and as 
a nN a 180 
Bi = B cos (= ) {80 a (2a) 
we get 


be eal é be 1B, cos? (=) sin X + B; cos*( a ) sin (3 X) 


wen B=ecos ( "S) sin (7 x) { wes 
which is equation (9) for an interrupted triangular wave. 

Also the equation of an uninterrupted triangular wave can be 
derived from equation (12). 

We have already seen that equation (9) for an interrupted 
triangular wave is a special case of equation (12). If we now 
assume @ = 90 deg. such as must be the case for an uninterrupted 
triangular wave (See Fig. 10), it follows that 


cos? 3 = cos ? 45° = 0.5 

cos ( 5a) = cos *(— 45°) = + 0.5 

cos ff a = cos *(n 0.45) = + 0.5 
pacers os 180) 5 
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Therefore cos? 8s 8 act) = | 


2 180 —a@ 


no) 180 
2 180 —a@ 


= landcos ( 


Yn = He | By sin X + B;sin3 X +....B,sin (nx) 


which is the same as equation (1). 


We have proved, therefore, that equations (12) or (12a) for an 
interrupted trapezoidal wave, is the most general equation we 
can derive. All the other equations for interrupted waves 
(9) and (7),as well as the equations for uninterrupted waves, 
(1), (2) and (6), are merely special cases of equation (12) or 
(12a). , 

ComposITE WAVES 

In the preceding discussion we have derived the equations 
for uninterrupted triangular, trapezoidal, and rectangular waves, 
and interrupted triangular, trapezoidal, and rectangular waves, 
see Fig. 1a, 1B, lc and Fig. 1F, 1H, 1). 

A further, not uncommon, wave shape is represented in Figs. 
Ip and lz. Let us designate waves of this character as “‘ com- 
posite waves.” Fig. lp obviously represents a composite 
wave which is the sum of a number of rectangular waves. 
In order to derive the equation for such a wave, it is therefore 
necessary only to derive the equation for each of the individual 
rectangular waves, and to add all values of equal order. 

Exactly the same is true for a composite wave as given in Figs. 
lz. In this case we form the equation for the uninterrupted 
trapezoidal wave, and for an interrupted triangular wave, and 
add all values of equal order. 

The number of possible “ composite waves” is practically 
infinite. | However, the two examples discussed will suffice 
to outline the general method to be pursued in deriving the 
equation of any composite wave. 
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Discussion on ‘‘ DEcomposinc MAGNETIC FIELDS INTO THEIR 
HicHer Harmonics ” (WEIcHSEL), St. Louis, Mo., Ocro- 
BER 20, 1915. 


George R. Dean: For some time I have been resolving mag- 
netic fields into their higher harmonics, and wished for some con- 
venient process. All this time I have been using the general 
procedure which involves a lot of integration, the combining of 
all kinds of hard integrals, I got my results all right, but now 
I am checking them up by Mr. Weichsel’s method. Of course, 
these field waves as you call them, are to some extent a guess, 
their shape is not anything like as simple as one would think 
from the figures, but they come pretty close to being rectangles, 
trapezoidals, etc. One very interesting thing which I have been 
doing is to try to predetermine the harmonics in the current and 
field waves of alternators, transformers, motors, etc. And in 
order to get at the thing at all I have to decompose these mag- 
netic fields. 

To do that by the dry integration process is difficult. I can 
check up by Mr. Weichsel’s process very nicely, because I can 
combine the triangular with the rectangular, trapezoidal, etc., 
whatever I need. The real magnetic field which, when cut by 
the conductor, produces the voltage in the armature, is the 
resultant of these three, and although your field produces a sine 
wave under no-load conditions, you will have a departure from 
the sine wave due to these fields. Of course these are not very 
large, but they are of considerable importance. They introduce 
the higher harmonics into the voltage andcurrent waves. Ihave 
in mind starting out with a pair of differential equations, if I can 
ever get them set up right, and using these magnetic fields to 
predetermine the harmonics in the e.m.f. and current waves of 
the alternator. 

It is obvious to me that higher mathematics are going to take 
a more and more prominent part in the high-tension work and 
in the design and predetermination of large apparatus. If it 
were not for the B-H curve we could get at something, but I 
believe in the case of the apparatus where there is an ‘air gap, 
and most of the ampere-turns are used in the air gap, the permea- 
bility of the iron can be assumed to be large. Some take it at 
infinity, which it is not. We can, however, make an average 
correction for the iron and I hope get at something pretty defi- 
nite in the predetermination of machines with air gap. 

J. L. Hamilton: The thing that seems to me of principal 
interest in the building of induction motors in connection with 
the higher harmonics in the magnetic flux is the effect they have 
on iron losses. 

If we have a 60-cycle induction motor with 48 slots in field 
and 60 slots in armature and wound four-pole, an oscillogram ob- 
tained from an exploring coil on the armature will give the fol- 
lowing 1esults. - 


At ‘synchronous speed, 1800 rev. per min. or 30 rev. per sec., 
f 
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a complete cycle of the magnetic ripple in the armature takes 
place when the center of an armature tooth moves from the 
center of one field tooth to the center of the next field tooth. We 
therefore have in this case 48 field teeth multiplied by 30 rev. 
per sec. equals 1440 cycles per sec. of the magnetic ripple in the 
armature. This ripple or higher harmonic therefore has a fre- 
quency 24 times the supplied frequency of 60 cycles. 

Considering the ripples in the field magnetism, it can be ob- 
served from an oscillogram record that a complete cycle has 
taken place when the armature has moved 1/60 of a revolution; 
60 being the number of slots in the armature. 30 rev. per sec. 
multiplied by 60 ripples in the field per revolution gives 1800 
ripples or cycles per sec. This is 30 times the primary frequency 
of 60 cycles. 

The combination of field slots and armature slots directly 
affects the frequency of these ripples and also the amplitude. 
The shape of tooth tips, relative dize of slot opening, etc., also 
affects the amplitude of the ripples. The combination of field 
slots and armature slots may be such as to get very high iron 
losses even with a relatively small number of slots in both field 
and armature as the amplitude may be great, even though the 
frequency of the ripples is comparatively low. Likewise the 
iron loss may be low with a comparatively large number of 
slots in field and armature if proportions of tooth tips, slot open- 
ings, etc., are correct. 

It is the speaker’s experience that these added iron losses vary 
quite widely and are often difficult to determine and locate. 

‘ If the writer of the paper just presented has any data on this 
subject showing more definitely why these losses should vary 
considerably and has any way of calculating same, I am sure 
designers in general would greatly appreciate such information. 

N. S. Diamant: Starting with a triangular wave (isosceles) 
already analyzed into a Fourier’s series, Mr. Weichsel shows 
graphically how a trapezoidal wave is equal to the sum of two 
triangular waves with a certain phase displacement. On the 
basis of this the equation of the trapezoidal wave is derived. 
Then the equation of the rectangle etc. is obtained. 

Credit is due to the author for considerable persistent mathe- 
matical work in applying this method to a few special cases. 
When it comes to practical wave analysis, however, I cannot but 
entirely disagree with the author that his method will “‘ facilitate 
analysis ’’ and avoid “ the usual long mathematical operations.” 
Mr. Weichsel may have reasons for making these statements, 
but the contents of the paper itself constitute strong evidence 
against him. Suppose we wish to analyze wave Fig. Id. A 
hint is given in regard to the solution of the problem to the effect 
that the figure “‘ obviously represents a composite wave which 
is the sum of a number of rectangular waves.” There is very 
little about the problem that is obvious and even the number of 
‘the rectangular components is not stated). 7% 

In case of Fig. 1d, or any other, it is necessary first to deter- 


s 


~ 
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mine graphically what and how many are the components of the 
wave under consideration and also what is their phase dis- 
placement: then knowing the “ equation for each of the individual 
waves ”’ it is necessary to “ add values of equal order ”’ and thus 
finally obtain an expression in Fourier’s series for the wave. 
This, I am afraid, is too much of a roundabout method of 
attacking a practical problem. Standard works on electrical 
engineering! give coefficients for many common wave forms 
met in practise and even Mr. Weichsel will agree, I think, that 
for practical purposes it is most convenient to refer to such 
sources; or, ordinary methods of analyzing waves or simplified 
ones such as those due to S. P. Thompson and others can be 
used. These methods are all direct and general and much 
simpler than those given in the paper. 

Were it not for the coefficients given in Figs. 6 and 7 the paper 
would have little practical value. For the benefit of those who 
may wish to make use of the table etc. it must be said that 
Mr. Weichsel fails to mention the fact that the coefficients 
given in paragraph on the triangular wave apply to isosceles 
triangular waves i.e. waves symmetrical with respect, to the 
m/2 axis. This is not necessarily the case with all flux waves 
of commercial machines, especially under load conditions. 

L. W. Chubb: (by letter): This paper on the harmonic an- 
alysis of magnetic fields shows a method of avoiding direct 
harmonic analysis for certain geometrical types of waves and 
treating the same by the separation into triangular waves, the 
equations of which are known. 

The analysis of geometric field forms by the method of the 
paper will be found to be of advantage in few if any cases, as 
the complete analysis is seldom required, and the extraction of 
one or a few components can be made quicker by the mathemati- 
cal, graphical, or mechanical methods. 

The waves covered by the paper have sharp discontinuities 
and therefore their harmonic expressions are infinite series. 
Actual field forms do not exist with discontinuities and rectilinear 
sides because of fringing and saturation. 

The author has used decimal coefficients for his component 
terms, derived the formula in a rather laborious way and ex- 
presses the results in a form in which it is difficult to substitute. 

By Gregory’s series we know that the expansion of unity is 


ies i , F : bit, ) and it can readily be shown 
7 3 5 is 


that the rectangular wave of Fig. Ic is: 
pie ite Li 
y, = ma (sin x wits sin3dx«+ 5 sindx 


Be 7sin 7x... ad inf.) tTp es (CL) 
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also the rectangular wave leading Fig. lc by 90 deg. is 


Vas utes ( cos x cos 3 + — 008 5 & 
W 3 5 


— FeosTx AED, jee (2) 


The triangle of Fig. la is theintegral of this last rectangular 
wave and can be obtained by integrating (2) 


4 ; d Wea ‘a 
Yaa (sin x — Gp sin Ba + jr Sind x 


Dp sin’ xe QieGe ) He (3) 
or in terms of Ha 
o : 1 1 
vu = : (sin x - 32 sin 3.x + — 2 sin 5 x 
1 
- gpsin Tx...) Ha (4) 


This triangular wave can be displaced any angle @ and its 
equation will be 


YA= S. (sin @ - 6) = sr sin 8 (x —$) 


12 


a sin 5 (x - 4) afte os ) Ha (5) 


This when expanded gives the general equation of the triangle 
displaced any angle ¢ and of any height Ha. 

The resultant of any two or more such triangles can be ob- 
tained by simply adding the coefficients of like terms. 

As an example, two triangular waves at + @ and — ¢add to 
make the trapezoidal wave the general equation of which is 


<se sin 3x 


16 
Y; = 72 (cos $ sin x ~ 
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By similar reasoning the equation of the rectangular wave may 
be expressed in any phase position and the equation thus formed 
can be used to add to other rectangles, triangles or composite 
waves. 

Two rectanglar waves added together give the interrupted 
rectangular wave, the general equation of which is 


Yay = — (cos @ sin x + S83 ¢ sin 3x 
a 3 
+ SSOP sin 5 x + Reap ss ) Era) 
Or 
Vr, = — (cos $ sin x + 2539 sing x 
T 3 
+ cos 8 Sito. Vee Py ee), ) He; (8) 


This method of derivation has the advantage of simplicity of 
form, and the equations which are expressed in sine and cosine 
terms are generally applicable for any phase positions and num- 
ber of different waves instead of being limited, asin the paper, 
to the resultant wave starting at x = 0. 

The coefficients or constants B,.in paragraph on triangu- 
lar waves, are the simple terms a x . 

They are correct in numerical value but the signs are wrong in 
many cases. The signs should be such that when B, is sub- 
stituted equation (1) will stand. 


- sin 38x“ + ae sin 5 x 


1 . 
“i sin 7 «+ .) Ha) 
In the derivation of coefficients of the reactangular wave the 


author finds B,’ = 1.275 which is — The succeeding values 
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The harmonic expressions of these few geometric waves are of 
value in solving problems containing discontinuous waves, but 
we have found them of little advantage in the analysis of field 
forms and derivation of voltage therefrom. 

Corrective currents, slots, local saturation, fringing, She) 
require magnetic fields to be laid out more carefully than simply 
drawing the geometric form which agrees with the winding 
distribution. With the mechanical analyzer the more accurate 
field form can readily be analyzed, and the related voltage or 
related curve derived by formula. 

H. Weichsel: The triangular, trapezoidal, etc., field shapes 
exist only when a machine has an infinite number of slots. The 
field shape of a machine with a finite number of slots has more 
the appearance of Fig. 1. The corners 1, 2, 3, etc., in the actual 
wave, will probably not be as pronounced as shown in this figure 
but will be more rcunded. 

In order to handle the subject in such a manner as to enable 
the designer readily to make use of the derived results, it was 
necessary to neglect refinements end to assume that the ma- 
chine has an infinite number of slots. In this connection, it 
might be said, however, that the exact equation of a field such as 


5 d 6 2 , | Flux per Stator Tooth (DC Excitation) 
3-4 
1-2 


Time or Position of Rotor 


Fic. 1 Fic. 2A Fic. 28 FIGs So 


given in Fig. 1, can be derived by assuming a number of rectangu- 
lar waves superposed. 

Mr. Hamilton referred to the additional iron losses. He 
touched a very important subject, which unfortunately, however, 
has not been sufficiently investigated. The higher harmonics 
which produce the largest amount of the additional iron loss, 
in induction motors for instance, are of a different nature than 
those harmonics discussed in my paper. These latter are simply 
produced by the phase belt distribution, assuming infinite num- 
ber of slots. The higher harmonics, however, which are mainly 
responsible for the additional iron loss, are originated by the 
rapid movements of the rotor teeth against the stator teeth. 
Let us assume that the stator is excited by a direct current. 
As long as the air gap section in front of the stator tooth remains 
constant, a constant magnetic flux will flow from stator tooth 
Los Totor. ' 

As soon as the air gap changes, the flux passing from stator 
tooth to rotor must change also. A change in the air gap oc- 
curs, however, when the rotor tooth changes its position in re- 
spect to the stator tooth. It is evident that in Fig. 2a, larger 
flux will leave the stator tooth than in Fig. 28. It is an easy 
matter to determine the flux which leaves the stator tooth for 
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different positions of the rotor teeth, by drawing the relative 
positions of stator and rotor teeth. Fig. 3 has been obtained 
by this manner and represents the flux of a stator tooth as func- 
tion of the rotor position. But as the rotor is assumed as travel- 
ling at constant velocity, it also represents the flux as function of 
time. The additional iron losses, which are mainly eddy cur- 
rent losses, are evidently a function of rapidity of change of 
lines leaving the stator teeth. 

Mr. Hamilton mentioned in his paper ‘‘ The Repulsion Start 
Induction Motor,” that the additional losses are sometimes 60 
to 70 per cent of the calculated losses. I have seen machines 
where the losses were four times the calculated losses. In these 
machines the enormous losses were caused by faulty dimension- 
ing of the stator and rotor teeth; the stator was of the open slot 
type. These figures might indicate the very great importance 
of the additional iron losses. It certainly would be of great 
help to designers if means could be found to predetermine said 
losses by fairly simple formulas. 

Mr. N. S. Diamant seems to misunderstand the purpose of 
my paper. It was intended to show how magnetic fields which 
are produced by certain winding distributions, such as usually 
occur in induction motors, can be decomposed into their har- 
monics. For this reason the equations for rectangular and 
trapezoidal waves were derived. It was not intended, how- 
ever, to use this method as a general wave analysis, for all 
kinds of waves. Mr. Diamant objects to the statement in 
regard to Fig. 1d thatit “obviously represents a composite wave 
which is the sum of a number of rectangular waves.’’ The 
wave consists of three different rectangular waves, two of 
which are “interrupted rectangular waves.’ The equations 
for any of these individual waves are ‘‘known”’ by referring to 
equation (7) 

Mr. Chubb derived the equations for rectangular waves and 
trapezoidal waves by a strictly mathematical method and 
obtained the same results as given in my paper where the 
derivation was carried out by a method which I believe gives 
a better physical conception of the real conditions. It is 
certainly gratifying to see that both methods lead to the same 
results. 
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EXPERIMENTAL DATA CONCERNING THE SAFE 
OPERATING TEMPERATURE FOR MICA 
ARMATURE-COIL INSULATION 


BY F. D. NEWBURY 


ABSTRACT OF PAPER 


The paper gives the results of three series of tests, made 
on the first 3750-kv-a. generator installed at Niagara Falls, 
to determine internal copper temperatures. The object of 
the tests was to obtain data to assist in the determination of 
the safe maximum temperature of built-up mica-and-cambric 
(or mica-and-paper) insulation. The present Institute Stand- 
ardization Rules recommend the conservative limit of 125 deg, 
because of the lack of convincing data justifying the general 
adoption of a higher limit. 

In the third series of tests, temperatures of the copper con- 
ductors were obtained at the usual operating loads by instal- 
ling special conductor bars having thermocouples in actual 
contact with the copper at its hottest part. 

The operating history of the generator is given, showing 
that it has been in operation for twenty years with no interrup- 
tion to operation due to any effect of temperature on the in- 
sulation of the winding. 

The summary of service and temperature results given in 
Tables VIII and IX shows that the generator has operated for 
a time equivalent to nearly seven years without shut-down at 
temperatures ranging from 120 deg. to 285 deg., for a time 
equivalent to nearly three years operation without shut-down 
at temperatures ranging from 145 deg. to 285 deg., and for a 
time equivalent to fifteen months operation without shut- 
down at temperatures from 175 deg. to 285. deg. 

An examination made in 1914 showed the insulation to be 
in good condition—with the mica unchanged and with the 
conductors tight in the slots. 

In conclusion, it is suggested that when suitable mica insula- 
tion is used the effect of temperature on insulation becomes of 
little importance; that the limit to temperature is determined 
by other factors. The tests show that 150 deg. is a conserva- 
tive limit giving a liberal factor of safety. 


URING the past two years a number of unusual tempera- 
ture tests have been made on one of the original Niagara 
generators through the courtesy of the Niagara Falls Power 
Company. These tests give valuable data on the question of 
the maximum safe temperature for mica insulation as applied 
to the armature coils of large generators, and for this reason 
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it is believed they are of considerable interest and importance. 
It is the author’s purpose to describe these tests and their re- 
sults, to present the operating history of the generator used 
in the tests, and to show the relation between the operating 
loads and temperatures, and the length of time the generator 
has been in service. 

The early Niagara generators have been in operation for 
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a longer time than any other generators of corresponding 
capacity, and at an unusually high load factor. It has also 
been recognized for some years that the internal armature 
temperatures have been high, due to the general type of con- 
struction used. These generators, therefore, offered a promis- 
ing opportunity for obtaining data on the behavior of the in- 
sulation under the action of high temperatures existing for 
long periods of time. ; 
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The initial tests to be described were made by the operating 
staff of the power company and the later tests were made by 
engineers of the manufacturing company, with the effective 
cooperation of Mr. L. E. Imlay, superintendent of the power 
company. The author takes pleasure in calling attention at 
this time to the broad-minded engineering policy of the power 
company and to the effective cooperation of its operating staff, 
without which the collection and publication of this informa- 
tion would have been impossible. 

The tests were made on the first generator installed in No. 1 
power house of the power company. This generator was selected 
because it had been longest in service, and the major part of 
the original winding with its insulation was 
still intact. The tests were made to determine 
the actual internal temperatures of the genera- 
tor winding at loads representing the usual 
operating loads of the unit. 

No extended description of the generator is 
necessary as the early Niagara generators are 
probably better known than any other genera- 

tors in operation. These generators, together 
Sale re ee with the Niagara system as a whole, have 
THERMOCOUPLES been exhaustively described in a paper before 
peice Tec. whe Institute by 0b. B. Stillwell’ -Acérocs- 
Oct.1914. A-C-D section drawing of the generator is shown in 
eT Se eae Fig. 1 which illustrates the internal stationary 
IN THIRD SERIES armature, peculiar to the early Niagara genera- 
OF Tests FEB. 
1915. tors, and the general arrangement of the arma- 

ture winding. The armature inductors consist of 
solid bars 1 11/32 in. by 7/16 in. in section, with half round edges. 
A complete coil is made up of two of these straight bars, jointed 
by separate involute-shaped end-connectors bolted and soldered 
to the bars. The winding is a double layer winding so that 
there are two bars in each slot, as shown in Fig. 2. The straight 
copper bars are insulated by a wrapper built up of mica split- 
tings on a cambric base. The mica in each wrapper is approxi- 
mately three times as thick as the cambric so that about 75 
per cent of the complete wrapper is mica. This sheet of mica 
and cambric is wrapped around the bar by hand and held in 
position by an outside layer of linen tape. 

1. “The Electric Transmission of Power from Niagara Falls,’ by 
Lewis B. Stillwell, A. I. E. E. Transactions, Vol. XVIII, page 445. 
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This insulation falls within the Institute definition of Class 
B insulation, inasmuch as the total dielectric strength is supplied 
by the high-temperature material—mica—and the low-tem- 
perature material—cambric—is used as a structural material 
only. 

TEMPERATURE TEST RESULTS 

During the summer of 1913 small resistance thermometer 
coils made for the purpose of measuring generator internal 
temperatures were installed in the generator. The ther- 
mometer coils were placed between the two bars ina slot, but the 
leads were relatively short, so that the thermometer coils could 
be located only five inches from the end of the core, while the 
total length of the core is 36 in. Ordinarily, in this type of 
generator the highest temperatures are found between bars 
and near the center of the core. A typical temperature run 
made after the installation of these coils is shown in Table I. 


TABLE I—TEMPERATURE .TEST—ALTERNATOR NO. 1—AUGUST 14, 1913 


Time Volts Amp. per ph. Ky-a. PSE. Kw. 
7:30 A.M. 2360 900 4250 82 3500 
8:00 2360 860 4060 89 3620 
8:30 2360 860 4,60 79 3220 
9:00 2360 830 3920 79 3100 
9:30 ~ 2400 840 4036 74 2990 

10:00 2100 840 3530 90 3170 
10:30 2360 860 4060 83 3370 
11:30 2360 860 4060 83 3370 
11:30 2400 880 4220 82 3460 
Averages...... 2340 859 4020 82 3300 
Final temperature, 130.« deg. cent. 
Air temperature... .. 29.5 deg. cent. 
Temperature rise... .100.5 deg. cent. 


The generator had been operating since the previous mid- 
night at substantially the same load, so that there is no question 
but that constant temperature had been reached. 

While the resistance thermometer tests realized the expec- 
tation of high temperatures, it was felt that still higher tem- 
peratures existed in the center of the core and higher tempera- 
tures certainly existed with the higher loads that the generator 
frequently carried. The scale of the indicating instrument 
used with the resistance coils was limited to 130 deg.,so that 


: 
{ 


' 
‘ 


1915] NEWBURY: MICA INSULATION © 2751 


temperatures at higher loads than those recorded in Table I 
could not be measured. 

Accordingly, a second series of tests was arranged, in which 
the temperature measuring device could be located in the hottest 
accessible part of the winding and temperatures up to 200 deg. 
could be measured. For these tests.thermocouples (of copper- 
constantin metals) were installed in three pairs of slots equally 
spaced around the armature. In one slot of each pair couples 
were located in the middle of the core and five inches from the 
top surface; in the other slot of each pair couples were located 
in the middle of the core and five inches from the bottom sur- 
face. In each of these four locations, couples were placed be- 
tween bars (registering the average copper temperature) and 
between the bottom bar and the bottom of the slot (registering 
the core temperature at these points). There were, in all, 24 
couples. These locations, for one pair of slots, are shown dia- 


Bottom of Gen. {a \2 {3 Top of Gen. 
a Bottom Bar 


C. L. of Core 


Fic. 3—THREE SLoTs SPACED 120 DEG. HAD THERMOCOUPLES IN LOCA- 
TIONS 2 AND 3. THREE SLOTS ADJACENT TO THEM HAD THERMOCOUPLES 
IN LOCATIONS 1 AND 2. 


grammatically in Fig. 3. All couples were in phase A slots. 
The couples were encased in micarta-paper cells shaped to fit 
the curvature of the slot and bottom bar. 

This method of measuring temperature has been described 
in various papers*® and has been in satisfactory use for com- 
merical and experimental testing for several years. 

Two temperature runs were made after the thermocouples 
had been installed. In the first run made October 2nd, 1914, 
the generator was operated at normal voltage and open circuit 
for 14 hours and then for four hours at approximately 800 am- 
peres and normal voltage (approximately duplicating the first 
test made with resistance thermometer coils),and then for one 


2. “Measurement of Temperature in Rotating Electric Machines,”’ 
by L. W. Chubb, E. I. Chute and O. W. A. Oetting, Trans. A.I. E. E., 
Feb. 1913. “ 

3. ‘Experimental Temperature Measurement of Electrical Ma- 
chines,” by O. W. A. Oetting, Electric Journal, Feb, 1914. 
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hour at approximately 1000 amperes per phase. This in- 
creased current was obtained by a reduction in power factor, 
as the waterwheel was somewhat clogged with pulp wood and 
could not, at that time, develop power for a load of more than 
800 amperes at the load power factor. A graphical log of the 
observed temperatures (including air temperature) for the 
group of eight couples showing the highest temperature is 
shown in Fig. 4 and the maximum temperatures of all twenty- 
four couples are shown in Tables II and III. The graphical 
log starts with the rated current run and does not show the run 
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on open circuit. The initial temperatures shown on the log, 
therefore, represent the temperatures at the end of the open 
circuit run. 

The second run was made on the following day—October 3, 
1914—after the turbine had been cleaned, and a load of 1000 
amperes per phase at the load power factor could be carried. 
The results during the entire run from One group of couples 
are shown graphically in Fig. 5 and the maximum temperatures 
of all the couples are shown in Table IV. 

It will be noted from Fig. 5 that at the maximum operating 
load averaging 990 amperes in the A phase, a total temperature 


a 
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of 166.5 deg. was measured on the external surfaces of the in- 
sulation between the two bars in the slot. With the air tem- 
perature existing during the test, this is equivalent to a tem- 
perature rise of 133 deg. As will be pointed out later, this is 
by no means the highest temperature to which the insulation 
has been subjected for long periods of time. 

It was felt that this second series of tests gave the highest 


TABLE II—FINAL TEMPERATURES—TEST OF OCTOBER 2, 1914 
AT END OF 800-AMPERE TEST. 


Armature Top of core Center of core Bottom of core 
slot 
No. Bet. Bet. core Bet. Bet core Bet. Bet. core 
bars and bar bars and bars bars and bar 
135 Sas ee 126 100 110 86 
136 lale/ T7 125 82 


Final air temperature = 28 deg. cent. 


TABLE IlI——FINAL TEMPERATURES—TEST OF OCTOBER 2, 1914. 
AT END OF 1000-AMPERE TEST. 


Top of core Center of core Bottom of core. 
Armature Bet. Bet. core Bet. Bet. core Bet. Bet. core 
slot No. bars and bar bars and bar bars and bar 
ott co ope ays 161.6 112.2 138.2 104.1 
12 152.2 100.3 160.2 113.2 oe ates 
73 aes Aone 161.6 115.0 141.7 109.0 
74 G30) 95.5 161.6 114.0 eke ao 
135 set Arete 158.2 “ee 1.9),,7; 139.5 101.4 
136 150.2 91.7 161.6 98.0 


Final air temperature = 27 deg. cent. 


existing temperatures at any point on the outside surface of the 
insulation. In comparing the observed temperatures at differ- 
ent parts of the slot with the estimated losses existing in the 
copper and core teeth, it was found that the big difference in 
temperature found at the bottom of the slot and between the 
two bars, amounting to nearly 50 deg. (see Table III), could 
only be explained on the assumption that the bar nearest the 
air gap was at a much higher temperature than the other bar. 
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This assumption is also in accordance with the known fact that 
the eddy current losses in the bars are large and exist mainly 
in the bar nearest the air gap. A. B. Field, in his paper on 
eddy current losses has calculated these losses in this Niagara 
generator to be as large as 6.6 and 1.7 times the loss due to the 
load current in the top and bottom conductors, respectively. 
While the temperatures obtained in the second series of tests 
do not indicate quite as large an eddy current loss as these 
calculated values, the actual values are undoubtedly large enough 
to result in a marked difference in temperature between the top 
and bottom bars. If the two bars are at different temperatures | 
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then there will be a flow of heat between the two bars and a 
corresponding drop in temperature along the path between the 
two heat-producing bodies. Under these conditions, the tem- 
perature measured at the outside surface of the insulation be- 
tween the two bars in the same slot no longer represents the true 
copper temperature, as is the case when the two heat-producing 
bodies are at the same temperature and when there is, con- 
sequently, no heat flow and no temperature drop along the 
path between them. 

These considerations pointed to the desirability of making a 

A SARIS EE. TRANSACTIONS, Vol. XIVe p. 761. 
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third series of tests in which actual copper temperatures could 
be measured. Accordingly, special bars were made with the 
same kind and thickness of insulation as used originally and in 
which thermocouples with the copper element in actual con- 
tact with the copper bar were included. Four bars, for two 
slots, were provided. Each bar had one thermo-couple located 
on the side of the bar and in the center of its length. Two 
thermocouples were provided for insertion between the two 
bars in the same slot in the center of the core to correspond with 
similarly located couples in the second series of tests. Four of 
the old bars were removed from two slots and the new special 
bars inserted in the winding. The thermocouple leads were 
very carefully insulated where they left the coil and the generator 
and were carried to an insulated observers’ platform and table, 


TABLE IV—FINAL TEMPERATURES—TEST OF OCTOBER 3, 1914. 


Top of core Center of core Bottom of core. 
Armature Bet. Bet. core Bet. Bet. core Bet. Bet. core 
slot No. bars and bar bars and bar bars and bar 
11 mer: Mees 164.8 112.8 140.0 103.3 

12 154.4 101.3 162.2 113.8 tte Ae 
1 athe Sac 166.5 117.2 145.0 TeLEO 

74 158.3 96.5 164.8 als}. 7¢ Be ae 
135 ana yess 160.7 122.5 144.7 ‘102.7 

136 153.2 oa 165.0 99.5 re aan 


Final air temperature = 33 deg. cent. 


so that observations could be made while voltage was on the 
generator. When these tests were completed the special bars 
were removed from the winding as it was not considered de- 
sirable to incur any risk of breakdown due to the weakness 
of the coil insulation where the thermocouple leads pierced it. 

Two temperature tests were made; the first, at a load of 680 
amperes, was made February 12, 1915, and the second, at 870 
amperes, which after constant temperatures were reached, was 
increased to 980 amperes, was made February 13, 1915. A 
graphical log of the first test is shown in Fig. 6, and the maxi- 
mum temperatures of all couples are shown in Table V. A 
graphical log of the latter part of the second test is shown in 
Fig. 7, and the maximum temperatures for both 870 amperes 
* and 980 amperes are shown in Table VI. 
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The results of this third series of tests confirmed the assump- 
tion that the upper and lower bars operate at considerably differ- 
ent temperatures and that, consequently, the temperature in- 
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dicated by a thermocouple placed between them is not even 
approximately the true copper temperature. From Figarg 
and Table VI it will be noted that the maximum temperature 
of the upper bar at 980 amperes is 224 deg., the maximum 


TABLE V—FINAL TEMPERATURES—TEST OF FEBRUARY 12, 1915. 
CURRENT IN A PHASE—680 AMPERES. 


Armature slot No. Bottom bar. Between bars. Top bar. 
157 il eg 120 138 
173 115 ; 124 142 


Final air temperature = 31 deg. cent. 


temperature of the lower bar is 168 deg. and the maximum tem- 
perature between bars is 185 deg. The fact that the tempera- 
ture indicated by the thermocouple located between bars is 
much nearer the temperature of the lower bar than of the upper 
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bar may be explained by the fact that the thermocouple fitted 
the curvature of the lower bar and so was in much better con- 
tact with it than with the upper bar. 
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The temperature rises from the three series of tests are col- 
lected together in Table VII. In Fig. 8, these rises are shown 
graphically; these curves show very clearly the very large tem- 


TABLE VI—FINAL TEMPERATURES—TEST OF FEBRUARY 13, 1915. 


870 Amp. load 980 Amp. load 
Armature =| ____ ee 
slot Bottom Bet. Top Bottom Bet. Top 
No. Bar bars flar bar dars bar 
157 147 161 190 164: 179 214 
173 152 166 199 168 185 224 


Final air temperature = 30 deg. cent. 


perature drops that occur through the insulation in this genera- 
tor, the large difference between the temperatures of the top 
and bottom bars, and that, while the temperature measured 


between bars is between the temperatures of the two bars, it 
« 
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is much nearer that of the lower bar for the reason already 
suggested. 

In Fig. 9 the maximum temperature rise occurring in the 
generator—that is, the temperature rise of the center of the top 
bar—is shown together with the total temperature of this same 
part on the basis of 35 deg. air temperature. This particular — 
air temperature has been chosen as the probable yearly average — 
air temperature existing near this generator when the generator — 
is carrying loads above its average load. The station records | 
show that the maximum air temperature exceeds 40 deg. in 
the summer, and is rarely below 30 deg. in winter. From this 
curve the operating temperature at any load can be determined. 

In order to interpret these results better, it is desirable to 


TABLE VII—SUMMARY OF MAXIMUM TEMPERATURE RISES. 


Temperature rises. 
Bet. bot. ! 
Date of Amp. bars and | Bot. bar | Bet bars | Bet. bars | Top bar 
test Volts Ph. A. | slot cent.| actual |5in.from| center actual 

of core copper end of core copper 
8/14/13 2340 859 ee 100.5 Sie x 
10/2/14 2300 790 72 tr 89 98 
10/3/14 2300 990 89 sak 125 133 ie 
2/12/15 2300 680 44 84 se ae 93 LL} 
2/13/15 2300 870 ee 120 mee 134 167 
2/13/15 2300 980 cE 138 rigg 155 194 


know the distribution of losses in the copper and core in this 
particular generator. The core was designed with relatively 
low magnetic densities and the current density and radiating 
surface of the armature conductors are also conservative at 
rated current, if the work current only is considered. The 
magnetic density in the core teeth, at no load, is only 11,000 
c.g.s. lines per square cm., while densities 50 per cent greater 
are not uncommon in modern generators of similar rating. 
The current density at rated current is only 1400 amperes per 
square inch (215 amp. per sq. cm.) while densities 30 per cent 
greater are common. But, as has been pointed out, the greater 
part of the copper loss is that due to eddy currents, so that the 
actual current density in the copper, and particularly in the 
top bars, is very high. 
® 
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It is now possible to explain several unusual results of these 
tests. The low temperatures obtained when operating the 
generator on open circuit are, of course, due to the low core 
densities. The very rapid rate of heating and cooling of the 
winding shown by all of the graphical logs is due to the concen- 
tration of large losses in a small volume of material and to the 
relatively low core temperature. In a modern generator with 
a better distribution of losses, the difference in temperature 
measured between coils, and that measured between coil and 
core will be, as a rule, 10 to 15 deg. instead of 50 deg., as in 
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Fig. 5, and, consequently, in more modern units the heating 
and cooling curves of the winding and core will very nearly 
coincide. The large difference between the temperature meas- 
ured between bars and that measured between the bottom 
bar and the bottom of the slot is due to the extreme difference 
in loss in the two bars in the same slot arising from the large 
eddy current loss. This is also the reason for the large differ- 
ences between the temperatures of the two bars in the same 
slot and the temperature measured between them. 

The large difference between the actual copper temperature 
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and the measured temperature between bars, amounting to 
36 deg. at 900 amperes load (Fig. 8), does not discredit the 5 
deg. difference established by the present Standardization Rules. 
The large difference in the present case is due to conditions that 
do not exist in well-designed modern generators. That such 
discrepancies can occur does point to the necessity of applying 
the rules with judgment, particularly when abnormal or unusual 
design proportions are involved. 
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OPERATING History 

This generator was placed in commercial service August 26, 
1895, and has therefore been in service for twenty years. For 
over thirteen years it operated without a single interruption 
that was, in any way, due to the armature winding. Inthe past 
seven years there have been two such interruptions, but in 
neither instance was the breakdown due to the effects of the 
operating temperature upon the insulation. These two break- 
downs required the replacement of less than four per cent of 
the armature bars. 

In order to obtain definite information as to the average 
load carried by the generator, and as to the number of hours 


1915] NEWBURY: MICA INSULATION 2761 


service at the average load and at various loads in excess of the 
average load, the station records of this generator were reviewed 
in detail. The records of nine typical years, out of twenty years 
service, were used to determine the yearly average operating 
data. Based on this investigation the following facts may be 
stated: 

1. The generator has operated for approximately 110,000 
hours up to August, 1915. This is equivalent to 5800 hours 
operated during every year, or to 16 hours operation during 
every day. It is interesting to note that the actual service 
given by this generator is equivalent to over 12 years continuous 
operation, or to over 30 years operation for ten hours daily. 

2. The generator has delivered 280,000,000 kw-hr. of energy 
during the above operating time. This is equivalent to an 
average load of 2550 kw., or of 600 amperes per phase. 


TABLE VIII. 
Length of service Load amperes 
in hours per phase 
40,000 600 to 700 
13,800 700 to 800 
8,200 800 to 900 
2,600 900 to 1000 


100 1000 to 1100 


3. The generator has operated for approximately 65,000 
hours (approximately 60 per cent of the time) at loads in excess 
of its average load of 600 amperes per phase. This time has 
been divided among different loads as shown in Table VIII.® 


RELATION BETWEEN LENGTH OF SERVICE AND TEMPERATURE 


It is now possible to determine the length of time this gen- 
erator has been operating at various temperatures—obviously 
the most important data to be derived from these tests. It 
is merely necessary to substitute in Table VIII the temperatures 


5. The times of operation at currents of 800 to 1100 amperes are . 
based on the actual times of operation at these loads during the nine 
typical years selected for examination. The times of operation at 
currents of 600 to 800 amperes are less accurately based on an examina- 
tion of the log sheets of typical days, but are consistent with the accurately 
known average load of 600 amperes and the total time of operation. 
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corresponding to the currents as shown in the curve Fig. 9. 
This has been done in Table IX. 


TABLE IX, 


Length of service Range in operating 
in hours temperature 
(Based on 35 deg. air) 


40,000 120 deg. to 145 deg. 
13,800 145 deg. to 175 deg. 
8,200 175 deg. to 210 deg. 
2,600 210 deg. to 24 deg. 
100 245 deg. to 285 deg. 


The operating record .shown by Table IX means that this 
generator has been operating for over 60,000 hours at tem- 
peratures varying from 120 deg. to 285 deg. and for 24,700 
hours at temperatures varying from 145 deg. to 285 deg. In 
other words, the generator has been operating the equivalent, 
in time, of nearly seven years, without shut-down at tem- 
peratures above 120 deg.; it has also operated for a time equiva- 
lent to nearly three years without shut-down at temperatures 
above 145 deg.; it has operated for 10,900 hours, equivalent — 
to fifteen months continuous operation at temperatures above 
175 deg. 

CONDITION OF THE INSULATION 


During the summer of 1914, a number.of bars, removed from 
the winding, while still in good operating condition as far as 
the insulation was concerned, were stripped and the insulation 
was carefully examined. The mica was found to be in as good 
condition as when new—there was no observable change in 
structure, in mechanical strength or in elasticity. The cambric, 
as would be expected, had lost its mechanical strength in all 
places, was entirely gone in some, and in many other places 
only a fine powder remained. Before removing the insulation 
from some of the bars, an insulation puncture test was made, 
and 22,000 volts was reached before the poorest sample broke 
-down. The operating voltage is 2300. 

In spite of the fact that the cambric was practically destroyed 
and that it made up 25 per cent of the material of the insulation, 
the old insulated bars were tight in the armature slots. This 
point deserves emphasis because the only reason for question- 
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ing the ability of this class of insulation to withstand safely very 
high temperatures, say 200 deg. to 300 deg., is the problematical 
effect of the loss of the binding structural material on the me- 
chanical support of the insulated coil in the slot. In this 
case—and this result has been confirmed in other tests—the 
destruction of the binding material did not appreciably reduce 
the structural strength or rigidity of the winding.® 

This circumstance—that an appreciable part of the insula- 
tion: can be destroyed without sensibly changing the total 
thickness of the remaining insulation, paradoxical as it may 
seem—is, in fact, readily explained by the elasticity of the re- 
maining mica. The mica wrapper is, in effect, a spiral spring, 
so that the thickness of the insulation depends chiefly in the 
resiliency of the mica instead of on the compactness of the 
insulation as a whole. The copper is, consequently, held 
firmly in position in the slot even though the cambric or paper 
be completely pulverized. 

If this explanation is accepted, it must follow that the 
temperature limit of mica-and-paper-wrapped insulation is 
determined almost entirely by the properties of the mica. 
From this standpoint a high temperature limit for this kind of 
insulation is entirely reasonable, since mica does not begin to 
break up under the action of heat until temperatures of 700 
or 800 deg. are reached. : 

Mica insulation in use at the present time differs very little 
from the mica insulation applied to the first Niagara generators 20 
yearsago. Paper is used tocarry the mica splittings instead of 
cambric and machine wrapping is largely employed instead of 
hand wrapping. Machine wrapping not only brings to the 
task a much stronger wrapping pressure, but enables the wrap- 
ping to be done while the insulationis heated. Both of these 
conditions are favorable to the production of a very tight wrap- 
ping, with the result that with a machine-wrapped insulation, 
the carbonization of the paper has still less effect in loosening 
the coil in the slot. The machine-wrapped coil is probably 

6. With a superior grade of Class B insulation consisting of a mica 
and paper wrapper applied when hot by a wrapping machine (result- 
ing in a much tighter insulation than possible with ordinary hand wrap- 
ping), operation at temperatures of 200 deg. and 300 deg. did not appre- 
ciably affect the measurable thickness of the insulation. An account’ 
of these tests is given in the author’s paper: ‘‘ Temperature and Its 
Effect on the Power Capacity of Electrical Apparatus;’’ Proceedings of 
Technical Meetings, N. E. L. A., June 1914. 
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as tight after the paper has been destroyed as the hand-wrapped 
insulation is before the coil has generated voltage. The old 
Niagara insulation had a somewhat greater proportion of mica 
than the modern insulation—in the ratio of 75 to 60 per cent. 
However, there is no difficulty in increasing the proportion of 
the mica in the modern insulation if it should become a@visable. 
Comparative tests made with samples having 60 per cent mica 
and 80 per cent mica have not shown any observable difference 
in this respect with temperatures up to 300 deg. 

It is difficult to draw conclusions from these tests, as to the 
maximum temperature that will be safe for continuous opera- 
tion. Very high temperatures, high from the standpoint of 
present practise, have existed in this generator for long periods 
of time without impairing the usefulness of the insulation. 
Does this not indicate that with mica insulation of proper de- 
sign and fabrication the effect of temperature on the insulation 
ceases to be a matter of importance? With such insulation, 
will not the temperature limit be determined by other factors— 
by the melting temperature of solder or by the linear expansion 
of the copper conductors, for example? Such, at any rate, is 
the belief of the writer. Certainly, the present recommenda- 
tion of the Institute for 125 deg. is unnecessarily conservative; © 
a limit of 150 deg., allowed by the present Rules when guaran- 
teed by the manufacturer, is, in fact, conservative and still 
provides a liberal margin of safety before the real breakdown 
temperature is reached. 
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DIscusSION ON “‘ EXPERIMENTAL DATA CONCERNING THE SAFE 
OPERATING TEMPERATURE for Mica ARMATURE-CoIL IN- 
SULATION” (NEwBuRy), New York, Nov. LZ 1915: 

Philip Torchio: One of the points which was the subject of 
much discussion by the Sub-committee on Rating last year was 
the question of determining in the standardization rules the safe 
temperature limit of mica insulated windings. 

Evidence had been presented that mica insulation, unlike 
other insulating materials, could safely withstand indefinitely 
temperatures of 150 deg. cent. The results were obtained from 
laboratory tests, though by inference it was surmised that mica 
insulated windings of certain machines had probably operated 
safely for years at temperatures of about 150 deg. cent. 

The advocates of the higher temperature rating, therefore, 
recommended the adoption of a standardization limit of 150: 
deg. cent. The more conservative members of the committee 
claimed that such limit was too radical a departure to adopt fo1 
standard practise, and contended that such a high limit should 
not be adopted in the design of machines without any reservation. 
The committee finally reached a compromise by adopting a 
standard temperature limit of 125 deg. cent., with the proviso 
that special machines with higher temperatures should be 
specially guaranteed by the rhanufacturer. 

As things will happen, I was personally one of the strongest 
advocates for keeping the limit at the low value of 125 deg. cent. 
and perhaps the first engineer on that committee who soon after 
actually accepted guarantees of 150 deg. cent. and over. This 
was in connection with the United Electric Light & Power Com- 
pany purchase of two 20,000-kw., 3-phase, 25-cycle, 6600-volt, 
1500-rev. generators to be operated single-phase to furnish 
power to the N. Y.,N. H. and H.R.R. The armature windings 
are insulated with mica. The generators are guaranteed both 
for three-phase and single-phase operation. One guarantee, by 
thermometer and resistance measurements, provides for con- 
tinuous three-phase rating of 20,000 kv-a., at 6600 volts, with 
temperature rise of 50 deg. cent. in armature and fields and also 
for continuous 14,300 kv-a. single-phase load, 70 per cent power 
factor, with 55 deg. cent. rise in the armature and 65 deg. cent. 
rise in the field. The other guarantee, by thermocouple measure- 
ment, provides that the machines will carry continuously 14,300 
ky-a. single-phase at 6900 volts and 70 per cent power factor, 
also 25 per cent kv-a. overload at 65 per cent power factor for 
seven minutes succeeding the continuous run and 50 per cent 
kv-a. overload at 60 per cent power factor for the next two min- 
utes with temperature rises in the insulation within the armature 
slots of less than 100 deg. cent. with possible local hot spot rises 
of 120 deg. cent. With 40 deg. cent. room air temperature, this 
latter would give a temperature of 160 deg. cent. as measured by 
thermocouples. 
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The generators shall withstand an insulation test of 30,000 
volts for one minute. In addition, the coils before being placed 
in the core, shall withstand an insulation test of 45,000 volts for 
one minute. 

The generators are designed for ventilation from external 
motor-driven blowers. 

The field coils are wound with copper straps in slots and are 
insulated with asbestos and mica to withstand a temperature of 
150 deg. cent. without injury. 

In purchasing machines under the above guarantees, it must 
be noted that we had also in mind the fact that the conditions 
of service would not require the maximum possible output by the 
generator in the form of a continuous load. Instead, the maxi- 
mum demands are intermittent and usually are periods of short 

-duration, like the time required for accelerating trains. The two 
overloads specified in the guarantees for the length of duration 

_ given are not likely to occur more than occasionally during the 
operation of the machine. Hence, the machines will not operate 
continuously at the maximum temperatures, as would be the 
case with the generators for supplying central station lighting 
and power loads. 

Mr. Newbury’s results would indicate that we could operate 
the machines at temperatures in excess of 160 deg. cent. If we 
should allow temperatures in the order of the Niagara generators, 
it seems that it might.be possible for us to carry continuously 
single-phase kv-a. loads of over 16,000 and overloads of over 
25,000 at 60 per cent power factor. This would be a great 
advantage to us in carrying possible overloads in emergencies. 

One point that must be made clear is that in the adoption of 
mica insulations in the design of machinery, like the machines 
I have described, the object is not to reduce the cost of construc- 
tion. On the contrary, this type of insulation and the design 
of machines are such that the cost per kw. is probably higher 
than for other machines insulated with fibrous materials. The 
question at stake, however, is the fact that, on account of high 
peripheral speeds, required for economy of steam, and limita- 
tions in the strength of materials, the dimensions must be re- 
duced and the heat radiation sacrificed. Hence, the necessity 
of introducing insulating materials capable of withstanding high 
temperatures. 

From another standpoint—in the design of turbo-generators 
for single-phase railway loads, the importance of obtaining 
machines of the greatest overload capacity in kyv-a. at low power 
factor makes it doubly necessary to keep.the generator dimen- 
sions to a minimum, so as not to sacrifice unduly the all-day steam 
economy, as, if an unduly large machine is installed to provide 
capacity for kv-a. overloads at low power factor, the extra iron 
and the field losses in the machine will materially affect the 
average steam efficiency of the unit. 

I would praise the conservatism of the Standards Committee 
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in providing that machines of this character be subject to special 
guarantees by the manufacturers. The purchaser also should 
exercise due care to see that every point in the design is covered 
by liberal margins in insulation and possibly in the installation 
he should provide protective devices which will minimize the 
electrical and mechanical stresses on the machines while in 
operation. : 

In the installation above referred to for supplying the N. Y., 
N. H. and H. R. R. service, the machines, as stated, are operated 
at 6900 volts, the current being stepped up to and transmitted 
by underground cables at 24,000 volts to the point of delivery 
and there again the underground and overhead lines are separated 
by ratio 1.1 transformers. These transformers provide a liberal 
protection to the windings of the generators. In other cases 
the reactance coils on the generator leads are installed. By 
these provisions the possible damages of shocks due to short- 
circuits affecting the insulation are minimized. 

The experience of the Niagara generators would be of very 
little value in giving information as to what would occur on 
similar generators designed to operate at 11,000 volts instead of 
2200 volts, and under conditions of fluctuating loads with oc- 
casionally heavy short-circuits. With 2200 volts even a cracked 
mica insulation might last indefinitely, while it would soon break 
down if operated at higher voltages. 

I understand also that the Niagara generators had a very 
large internal reactance, which naturally reduced the stresses 
on the windings; also the windings were made of solid bars giving 
great rigidity, while in modern generators of larger capacity 
the windings are made up of smaller copper having less rigidity 
to protect the mica insulation from cracking once the binding 
material is charred. . 

The turbo-generators I mentioned are the largest single-phase 
units in operation, they being somewhat larger than the genera- 
tors of the Norfolk & Western Railroad. The results of accurate 
tests of these machines have not yet been obtained, but when 
available they should be carefully studied, as they will furnish 
information of immense value for the design of generators of 
very large capacity, and especially for those applications which 
require the use of single-phase power. 

W. J. Foster: Mr. Torchio has called attention to a very 
important application of mica insulation with reference to tem- 
perature limits, viz: the case of the single-phase turbo-generators. 
Another field of application with which I am familiar, is the case 
of frequency-changer sets connecting two large systems. Such 
sets are often made with only two bearings and have very large 
shafts between the two rotors to take care of the deflections, and 
consequently the torque that may be transmitted is high com- 
pared with the rating of the set. If both machines have all 
mica insulations, and if conditions should change somewhat, as 
more information is gathered, such as Mr, Newbury has brought 
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forward, and it appears safe to operate at high temperatures, 
the operator may increase his load by simply increasing the 
potential and the capacity of his exciters. It seems to me that 
it is wise for the Standards Committee to at once increase the 
temperature limitation of the Class B insulation from 125 to 
150 deg. cent. 

Mr. Torchio has called attention to the deliberations of the 
Sub-committee on Rating. On two or three occasions I was 
invited to sit with that committee, and I remember the discus- 
sion at that time as to the temperature that should be fixed for 
the different conditions. At that time I had some data gathered 
from experience which pointed to 150 deg. as being perfectly 
safe. Since then I have been able to gather more data from tests 
in the shop, carried out for that purpose. In one particular case, 
coils which were maintained at a temperature of 200 deg. for 
several weeks, and then tested, while hot and the insulation 
examined, showed practically no deterioration. That of course, 
gives a margin of 50 deg. over what is proposed. There was 
another reason, which seemed to me a valid one at that time; 
that is, our engineering must necessarily depend upon commer- 
cial considerations to a certain extent. We are not able to 
undertake new machines or new enterprises except as orders are 
obtained, and the purchaser sees the thing in the same light as we 
do. It gives a far wider field for that type of insulation to have 
the limit at 150 than 125 deg. cent. One hundred and twenty- 
five deg. ultimate gives a temperature rise of only 80 deg., com- 
pared with 60 deg. in the Class A insulation, that is, 80 deg. as 
determined by the thermo-couple or temperature coil located 
in the slot. That is too small a margin to work on, to have 
many machines go out on a commercial basis. ‘There are some 
machines, like those that Mr. Torchio has mentioned, that work- 
out better commercially, at the higher temperature with the 
mica insulation. 

There is a little point in the data given by Mr. Newbury that 
I would like to inquire about, and that is an apparent discrepancy 
in the temperature as determined by the thermo-couple placed 
between the upper and lower bars at the center of the core in the 
second series of tests and the third series of tests that isan 
Table IV, and Table VI. In the first case the temperature rise 
appears to be 166.5, and in the other 185, and yet they are deter- 
mined in precisely the same manner by thermo-couples. There 
is possibly some condition in the test which accounts for that 
difference. 

The machines that I am interested in, and that I am familiar 
with, which have all mica insulation, have not been in operation 
many years. Thus far they are giving a good account of them- 
selves, but I am not able to report concerning the temperatures 
which exist. I know that in many cases the loads have not been 
increased to the point that we had hoped for. These cases are 
mostly large frequency-changer sets, as mentioned before. 
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There are some cases of turbo-generators where the loads have 
not yet reached such a point that temperatures much above 100 
deg. cent. actually are revealed. In these later machines, the 
temperatures are being taken by temperature coils located in the 
slots and the time may come when we can report on them. ~ 

I think it is in order at this time to call attention to the fact 
that while the field for the mica insulation may be large, yet it 
is desirable, to become convinced that 150 deg. is a conservative 
temperature to operate at, (150 deg. as determined by the 
methods of the Institute, which means the temperature of the 
hottest spot, whereas the temperature on the outer part would be 
quite a little below 150), to note that there still remains the 
desirability, for the best engineering, to use other types of insu- 
lation, and for more information, on other types of insulation 
that contain no mica whatever. 

One of the earliest installations is near Montreal, where the 
machines have been operated for seventeen years without a 
single replacement of armature coil. We do not know what the 
internal temperatures are, as we have no means of determining. 
I merely wish to point out the fact that there are other machines 
which have stood up well and have had long life, well on towards 
twenty years. Another case I have in mind is up in the Mohawk 
valley, at Tribes Hill, on the Fonda, Johnstown & Gloversville 
Railroad. I called up the chief engineer the other day and 
asked him if he would tell me when his machine was put in opera- - 
tion, and he said the first of them was installed in 1901—all of 
the machines were operating by 1903, and they had not had a 
single replacement. In fact, he said he had not spent a cent on 
them, and he wanted to know if he should use some varnish on 
the end of the coils. These machines were wound for 13,200 
volts and have no mica. I wish to call attention to these ma- 
chines, because if machines are properly made within the tem- 
perature limits of the insulation they will have long life. 

There is another point which occurred to me as Mr. Newbury 
was referring to the matter of the eddy current losses in these 
machines. It would be a good thing, if it were possible, in that 
particular plant to test one of these generators for load losses by 
the method approved by the Standards Committee, namely, 
the short-circuited losses, in order to find out whether the short- 
circuited losses as determined by the standard method would 
not just about agree with Mr. Newbury’s estimate of what the 
eddy current losses in the conductors are. That could be car- 
ried out, I think, without much expense. 

B. A. Behrend: Mr. Newbury’s paper shows that electric 
generating units have operated for many years successfully 
at temperatures which have always been considered unsafe. 
I think it has been known for the last fifteen years that these 
facts existed, but they were only whispered, and they. would 
not have gone beyond the little clique of those who actually knew 


about them. 
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The paper describes a generating unit of which a great many 
are operating at these high temperatures. These units have 
stood admirable service, they have taught electrical and me- 
chanical lessons which have been the guide to the, designers of 
large units. They were at the time of their installation the 
largest units of their kind. 

The regulation of the units at Niagara Falls was very poor— 
their short-circuit currents were very small and the strains pro- 
duced on them by conditions of change of load were also com- 
paratively small. All this must be borne in mind. Itis a 
different matter to reason from the facts as presented, in regard 
to the old generating units at Niagara Falls, to the units of the 
United Power Company, or the Norfolk & Western Company 
generators, or the N. Y..N. H. and H.R. R. generators. Itisa 
different question whether there is one conductor per slot 01 two 
conductors per slot solid and rigid, the conductors being wrapped © 
in such a manner that, with the increase in temperature, the mica 
becomes more solid, or whether, in loose coils consisting of many 
turns, the vibrations of which may cause trouble, eventually 
leaving the mica in a different physical condition from that in 
which it was when the machines were constructed. The mica 
itself may not undergo physical change, but the mica is pasted 
together, and the binder becomes brittle, leaving the mica flakes 
without substance. Yet innumerable generators and motors 

* with coils consisting of many turns and insulated with mica have 
stood very high temperatures for years. Therefore, Mr. New- 
bury’s conclusion is, I believe, thoroughly sound, viz: that it is 
advisable not to draw the temperature limits too low. 

H. P. Wood: When a temperature is allowed that destroys 
the strength of the binder or entirely eliminates it, the mica is 
liable to shift due to vibration, expansion and contraction, be 
damaged by the machine windage or be torn where exposed at 
the edge of the core by the compressed air used in cleaning, any 
of which mean the repair crew. é 

Examples are numerous where the present conservative tem- 
peratures have caused trouble from broken soldered joints or 
fractures due to cryStallization, and as such troubles increase 
with the allowed temperatures, to increase the present tempera- 
ture is to sacrifice continuity of service to a theoretical ideal. 

C.F. Scott: _ It is rather remarkable, that this new standard of 
insulation should have come from the Niagara Falls machines. 
They are rather notable machines. Only a year or so before 
they were contracted for and installed, alternating-current had 
been introduced, but it had not been placed on the basis it 
occupies today by any means. In fact, these men of the Niagara 
Falls Power Company had not officially decided that alternating 
current, instead of direct current, would be used in their plan’, 
until the summer of 1903, I believe. It was finally decided at that 
time to use polyphase alternating current of 25 cycles in that 
notable power plant, the largest electrical undertaking in the 
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country, if not in the world, which put electrical operation, 
electrical power generation and transmission, on a new basis. 
Before that it had been rather experimental or in rather small 
units. So far as I now recall, the largest alternators at that time 
in this country were 375 kw. Those at the World’s Fair were 
1000 h.p., but they were made of two single-phase machines, ~ 
with their armatures set at an angle, so that really the largest 
individual machine was 375 kw., and it was a large jump from that 
to 5000 kw. Wenow find these machines are running very well. 
Mr. Imlay, when I last saw him, spoke to me about them and 
gave some figures on the repairs over the period they had been 
operating. The repairs were some small percentage, practically 
nil. 

Now, we find, incorporated in that first machine, was a kind of 
insulation which has done so well we can now marvel at it and it 
_ proves a new standard to be adopted now. You must remember 
that 2200 volts was pretty high then, and the designers, Mr. 
Lamme and Mr. Smith, determined they would use the best 
material they knew of, and use it in the best way, and use plenty 
Of it: 

H. F. Erben: Mr. Newbury’s object in presenting this paper 
was to lay before the Institute and Standards Committee such 
data relating to high-temperature insulations that they would 
unqualifiedly raise the limit from 125 to 150 degrees. 

My experience extending over a long period of years, leads me 
to state in the most unqualified terms that I believe it is abso- 
lutely safe to raise the limit from 125 to 150 degrees. Just how 
much higher we can go with safety is somewhat problematical. 

Mr. Newbury has suggested that it might be safe to raise the 
limit to 180 degrees or possibly 200, basing his suggestions on the 
fact that in some cases insulations have been operated for con- 
siderable periods of time at 200 degrees. I note also that there 
is an implied suggestion that it might be the best practise to use 
mica exclusively. for all classes of apparatus. Now in regard to 
the first suggestion, that “it might be safe to operate at temper- 
atures of 180 to 200 deg. cent.”, I would state that such a prac- 
tise would inevitably lead to trouble, especially in the case of 
high-voltage machines. I base my statements on the following 
facts: . 

It is well known that shellac, which is the material generally 
used as a bond, begins to disintegrate at temperatures between 
190 and 200deg. cent. Water having a strong acid reaction is 
first given off and as the temperature is gradually increased oils 
begin to accompany the water. These oils have the characteris- 
tic of readily attacking copper. This process will continue as 
long as the high temperatures are maintained and we finally reach 
a condition in which the composite insulation has been reduced 
to mica flakes, carbonized paper, and disintegrated bonding 
material, that is, the bonding material of shellac or varnish on 
which we have largely depended for our insulating properties 
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has disappeared, and we have left only the mica laminations, the 
dielectric strength of which will largely depend upon the summa- 
tion of the leakage distances. 

The machines tested by Mr. Newbury have armature conduc- 
tors insulated with a composite mica insulation of about 1/10 
‘in. in thickness, which gives about twenty-two volts per mil. 
It is present practise to use thinner insulation, the voltage per 
mil being in the neighborhood of forty to fifty: Now it is very 
possible that the long life of the insulation mentioned by Mr. 
Newbury may be due to the combination of comparatively low 
machine voltage of 2200 volts, and low voltage per mil. Even 
if the bond of shellac or varnish were completely disintegrated, 
the total leakage distances through the mica laminations might 
be sufficiently great to give an insulation that would be entirely 
safe. However, I do not think it would be safe to say that it 
would be possible successfully to produce insulations that would 
stand up for long periods of time if the temperatures were in- 
creased to 180 to 200 degrees with a voltage per mil of forty to 
fifty, and line voltages of 6600 to 13,200. 

The advisability of the general use of mica as an insulation to 
the exclusion of other types of insulation, such as a composite 
one composed of mica and fabric; or one made up entirely of 
fabric, is a matter which must be settled by the merits of the 
particular case involved. If the character of the apparatus is 
such that the conductors will reach a high temperature, due to 
heavy overloads or to exceedingly high room temperatures, 
mica insulation is essential. If, on the other hand, the condi- 
tions of operation are such that the conductors will never reach 
a temperature higher than about one hundred to one hundred 
and ten degrees, then an all-fabric or a composite insulation should 
be used. 

As an all-mica insulation is more expensive than one of the 
composite or all-fabric type, I do not think the designer is justi- 
fied either from a point of view of safety of design, or duty to his 
customer, to increase the cost of apparatus by using mica when 
it is not necessary. 

Charles E. Skinner: Some one has referred here this evening 
to the “inner circle’ and I fear has left the impression that 
there has been a lot of information in the hands of a few designers 
for many years, which they were not willing to divulge. I am 
very sure that many of the facts which have been brought out 
during the last few years in connection with internal tempera- 
tures have been almost as big a surprise to the ‘‘ inner circle ”’ 
as to those not in such close touch with the work. While in 
certain cases, such as that of the Niagara Falls Power Company, 
machines would be run until a certain degree of odor from the 
insulation was observed, neither designer nor operator knew 
what internal temperature this odor actually meant. 

I am quite in accord with all that has been said this evening 
with regard to the possibility of safely going to a somewhat 
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higher temperature for Class B insulation than is now permitted 
as standard by the rules of the Institute, and I wish to endorse 
the figure of 150 deg. cent. as a safe figure. I am in accord with 
Mr. Erben in not caring to go to 200 deg. or higher at least for - 
the present. Considerations other than the effect of heat on the 
life of the insulation must be taken into account. ; 

We now know that many insulating materials which are consid- 
ered heat proof, begin to lose their insulating qualities when tem- 
peratures which may not injure them mechanically are met, and 
we know that the dielectric losses are very greatly increased in 
many materials at higher temperature, and that these dielectric 
losses which may be neglected at normal temperatures may be 
of prime inportance at the higher temperatures. 

I also wish to agree with one of the speakers who stated that 
we must not be carried away with the idea that because the 
Niagara generators have been insulated with mica, and because 
they have remained in satisfactory service all these years, that 
mica is the only insulation we ought to consider. In fact, there 
are many cases where mica insulation is inapplicable, and where 
-it should not be used. 

John B. Fisken: I really can tell very little about the matter 
of temperatures of armature coils, but the thought occurred to 
me, after I had glanced over the paper by Mr. Newbury, that 
some of us who are operating 2000 miles away from the source 
of supply, and have to face overloads of perhaps 50 per cent to 
100 per cent, and spend some rather sleepless nights thinking 
of what is going to be the result of a possible breakdown in the 
morning, will be able to sleep a good deal better. 

Something has been said on the subject of insulations other 
than mica insulations. I remember at one time when we oper- 
ated two small machines, 400 kw., 150 volts. They had been 
operating for about eighteen years, and*on one occasion, when 
there was a breakdown, they carried the load until the armature 
connections melted off. I do not think those were mica-insu- 
lated machines. I mention that to show there are other insula- 
tions which will stand for a short time very high temperatures. 

Another thought which occurred to me is the effect under high 
temperatures of the linear expansion. If the ends of the bars 
are held, then that expansion must be taken up in bending in the 
slot, with the result that the mica will be brought under very 
high compression and I should think under those circumstances 
that something serious might happen. 

Then there is a question of whether a machine is running 
continuously at this temperature or whether it is running inter- 
mittently. In the latter case, of course, you will have the alter- 
nate contraction and expansion, with the possible effect of grind- 
ing the mica out and having it dissipated into the atmosphere in 
the shape of dust. 

P. M. Lincoln: These Niagara generators were put into com- 
mercial operation about twenty years ago. It is almost im- 


2774 MICA INSULATION [Nov. 12 


possible to look back over those twenty years and consider the 
tremendous development that has taken place in that time. 
These generators were about four times the size of the largest 
-a-c. units that had been made up to that time, and the alter- 
nating-current unit which was compared with them was the 
double-frame unit, which Mr. Scott has mentioned, so that each 
half of that double-frame unit was of the order of 1/8 or 1/10 
the size of the Niagara units. That of itself indicates what a 
tremendous advance over the previous art these particular ma- 
chines were. 

I was in charge of them for about seven years. I will say that 
I did suspect the temperatures were higher than we were getting 
by the thermometers, but did not suspect they were higher to the 
degree which was actually found and obtained by these tests 
which were made by Mr. Newbury. Our information at that 
time as to temperatures was given us entirely by thermometers, 
and we know now that the actual temperatures which occur 
inside of the machine are very much higher. 

There were many other things about the generators which we 
did not know at that time. One was the method of excitation. - 
When the plant was first laid out the exciters were synzhronots 
converters. A plant excited by synchronous converters must have 
some outside method of starting. We hada steam engine which 
had been running some two or three years without shut-down. The 
time came finally, when we absolutely had to shut down the 
machine to get the bearings tightened up. Before the engine 
was dismantled, I made arrangements with the Niagara paper 
mill to get current from them, in case we should shut-down while 
our steam engine was dismantled. Sure enough there was a 
short on the plant and everything went out. It was nearly half 
an hour before arrangements could be made to get enough cur- 
rent to start our plant ub. Today we would not think of putting 
in a plant to be excited by synchronous converters. 

Another thing which we found out, was the deterioration of 
windings. We felt pretty safe about short circuits because we 
figured the machines would give only 2.5 times full load current, 
and that would not doany harm. It was not until we had a good 
many short circuits on the machines that we suspected we got a 
good deal more than 2 or 2.5 times full load current. On one 
occasion we had a short circuit on a bank of six generators, and 
it was so violent that the bus, a round rod one inch in diameter 
and supported at five feet intervals, was permanently bent out 
of line five or six inches. I figured it would take from 100,000 
to 200,000 amperes to do that. That fixes the instantaneous 
short of these machines as something like 15 to 25 times full load. 

Another thing which indicates more than anything else the 
advance we have made in the twenty years since these machines 
were installed was our improvement in the matter of parallel 
operation. It is a fact we did not know much about parallel 
operation at that time, and wondered if there would be any 
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difficulty in paralleling these generators. We started on the 
26th of August with the expectation of waiting for the parallel 
operation test, as only two of the machines were ready. One day 
the switchboard attendants got confused and threw the wrong 
switch and we found the machines were in parallel. We won- 
dered how we were going to get them out of parallel. Instead 
of pulling the switch of one of the machines and letting the load 
stay on the other, we tripped the field circuit breakers of both 
machines simultaneously and then started up the load again on 
one of them. 

There was one statement made by Mr. Newbury in his pres- 
entation of the paper which I would take exception to. He said 
that the rapid heating and cooling of these machines as indicated 
in the figures, particularly Figs. 5, 6 and 7, is due to the large 
losses. Now, the rapidity of cooling and heating of the machine 
has absolutely nothing to do with the amount of loss; that is 
simply a matter of the rate of cooling compared to the mass of 
material in the heated part, and the machine will arrive at a 
given percentage of its final temperature in a given time inde- 
pendent of the amount of loss in those parts. I say a given per- 
centage of the final temperature—of course, the loss does have an 
influence upon the rate at which the actual temperature increases, 
and not at which it arrives at a given percentage of its final 
temperature. That is definitely fixed by the mechanical charac- 
teristics and ventilation of the parts, and not at all by the amount 
of loss in the machine. 

F. W. Peek, Jr.: I think, perhaps, it will not be amiss to 
consider collectively, in a general way, some of the principles 
involved in deciding upon the permissible temperature of insula- _ 
tion. My remarks will apply generally to all apparatus using 
insulations and not to generators alone. 

In certain low voltage apparatus the necessity of using insula- 
tion other than air becomes necessary from the fact that a me- 
chanical support and a dust and moisture proof cover must be 
supplied. When the voltage is low the dielectric stresses are 
negligible, and dielectric puncture is not possible under normal 
conditions. The support may, therefore, be of low dielectric 
strength, but its insulation resistance must be fairly high. A 
crack in the dielectric does not mean failure. 

In apparatus operating at high voltage, and in apparatus 
directly connected to outgoing lines and thus subjected to light- 
ning voltages, etc., high dielectric strength and high dielectric 
resistance is necessary. A crack means failure. We have found 
that brittle and dried-out insulation is dielectrically compara- 
tively weak on impulse and lightning voltage—that it is badly 
shattered by such voltages.* 

All apparatus directly connected to lines of high power is 
subjected to the mechanical stresses of short circuit. High 


*F, W. Peek, Jr., “The Effect of Transient Voltages on Dielectrics,”’ 
Acvl. E. E., September,-1915. 
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mechanical strength is, therefore, essential in such apparatus. 

It is known that, in general, insulation decreases in dielectric 
strength and insulation resistance as the temperature is increased. 
If the temperature has not been increased above a certain point 
this change is not permanent, but the dielectric strength is 
regained as the temperature is decreased. However, if these 
high temperatures are applied continuously, insulations dry out 
and become brittle and weak: The degree of brittleness, or the 
extent of weakening, depends upon the time of operation at 
high temperature and the type of insulation used. Insulation 
in this brittle state may be suitable in low voltage apparatus 
not subjected to lightning, or in apparatus where the mechanica, 
strains are small. It is not suitable in high voltage apparatus. 

If insulation temperature is carried to a still higher point thr 
insulation may become carbonized or deteriorate in some wayl 
so that it is unfit for use. 

A review of the characteristi¢s of the insulation, and of the 
different operating conditions, noted above, shows that the opera- 
ting voltage, power, possible abnormal voltages, mechanical 
strains, allowable rate of depreciation, etc., must all be con- 
sidered in determining the temperature rating of any given 
apparatus. Naturally, the one reason for considering the opera- 
tion of insulation at very high temperatures, is the possibility 
of reducing the cost or of increasing the output of some particular 
apparatus. In this respect the insulation temperature is not the 
only determining factor—the whole design must be considered, 
otherwise the possible saving may be greatly over-estimated. 

The question of insulation temperature is, therefore, not one 
that can be definitely settled without the consideration of what 
the apparatus is, where and how it is to be used, the operating 
voltage, etc. Data like those given in Mr. Newbury’s paper 
‘will help to decide these questions, in a practical way. A tem- 
perature of 150 deg. cent. for the voltage and for the particular 
conditions imposed in this case is undoubtedly safe as has been 
shown by Mr. Newbury, and others in the discussions. Such 
a temperature is desirable if a saving in. cost, which cannot be 
better accomplished in other ways, results. 

T. E. Fowler: There is just one question I would like to ask 
Mr. Newbury before we close, and that is in reference to Table 
as ; To what part of the windings do the temperatures therein 
referi 

There is another point which it appears to me might be well 
worth while looking into, and that is the question of tempera- 
ture rise as given for the length of service of 100 hours in the 
latter part of that Table IX. Mr. Newbury gives it as 245 deg. 
to 285 deg. Probably a temperature of 250 deg. would be the 
maximum, because that length of service of 100 hours would 
probably be split up into a large number of small periods, in 
other words, it would be the apex of 100 hours rather than sus- 
tained periods, and consequently the temperature would not 
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follow the current exactly, of course, and would probably never 
reach a value of more than 250 deg. 

W. L. Waters: There is one point which, though not covered 
by the paper, has been touched upon, and that is in regard to the 
general advisability of the use of mica insulation. The general 
opinion as shown in the discussion seems to be that mica insula- 
tion is something new. Asa matter of fact mica was about the 
oldest type of insulation which was tried. The earliest Siemens 
machines thirty-five years ago had mica insulation; and there are 
quite a number of firms who before and after the particular 
generator described in the paper was built, attempted to use mica 
insulation commercially. The obvious explanation as to why 
they failed is that mica has very little mechanical strength. It is 
a difficult material to manipulate as slot insulation. The Nia- 
gara generator with two bars per slot and the bar end connections 
insulated practically with air, is an ideal condition for mica; and 
there is no question that an extremely good mechanical and 
electrical job can be made on the armature winding of such a 
machine, which would be suitable for operation at high tempera- 
tures. 

As Mr. Torchio pointed out, it is quite different when high- 
voltage wire-wound armature coils with conductors + inch square 
are considered. Such a winding has not the required rigidity, 
and as the end connections are practically unsupported, trouble 
is liable to occur due to the mica cracking on account of vibra- 
tions or shocks resulting from lack of balance or. short circuits. 

Before mica insulation can be considered commercially feas- 
ible on these high-tension wire-wound armatures, we require 
some information as to the actual experience of manufacturers 
with such generators. Mr. Newbury is probably in a position 
to give data on this point better than anyone else on account of 
his experience in the last few years with mica insulation; and I 
think we would be indebted to him if he would give us informa- 
tion as to the actual vperating results obtained in such cases. 

Charles F. Scott: If I remember correctly, the machines were 
guaranteed to have a rise in temperature not exceeding 50 deg. 
We found they did have 55 deg. We looked that matter up 
carefully, and the air vanes and blowers were changed and ad- 
justed, and so on, and a careful measurement made, and we got 
down from 55 to 493, or thereabouts, which was considered safe, 
and it was accepted. If any one had supposed that we got down 
from 255 to 2492 they would have been very much surprised. 

E. W. Stevenson: With reference to the disintegration from 
the effects of the heat on the binder in the mica, I would like to 
ask if any of the members know of any other binder besides the 
particular binder that has been spoken about—some binder that 
will stand a good deal higher heat than 250 deg., somewhere 
around 500 or 600 deg.? 

F. D. Newbury: In answer to the question asked by Mr. 
Stevenson, I do not know of any binder that can be used at 
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temperatures of 500 to 600 deg. cent. To apply mica wrapper 
tightly the binder must be sufficiently fluid so that the mica split- 
tings can slide on each other. There are binders that will stand 
higher temperatures than 200 deg., but I do not believe they can 
be used in the application of mica insulation to armature coils, 
which, as several speakers have brought out, is not a simple 
process. 

Mr. Waters asked about the comparative behavior of a coil 
made up of a large number of fine wires and one consisting of a 
solid bar. Armature coils consisting of wires, say}in. square, 
with each wire separately insulated with mica tape, and with the 
several wires cemented together with a binder having a high 
temperature limit, have been constructed for numerous machines 
so that the complete coil has been very strong and rigid. In the 
large turbo-generators with which. I am familiar such windings 
for high-voltage generators are, practically as rigid as the low- 
voltage bar windings of the old Niagara generators. 

The behavior of mica insulation when subjected to high tem- 
peratures under short-circuit conditions has been questioned. — 
It has been suggested that the conditions in this respect were not 
severe in these early machines. Mr. Lincoln brought out the 
fact that very severe short circuits occurred during the operation 
of these generators. As a matter of fact, in some later ma- 
chines of our design, installed in the same plant, a much larger 
number of slots was used, with the result that the bars wae 
thinner and weaker. In these machines the windings failed 
utterly under the severe short circuits that occurred; that is, 
they failed until the ends of the bars, where they left the slots, 
were rigidly braced. The mechanical shocks which this winding 
has sustained in operation have been very severe. 

Mr. Fowler asked a question in regard to temperatures in Table 
IX. They were measured by thermocouples in contact with the 
copper of the bar nearest the air-gap and ata point midway 
between the ends of the bar. He also pointed out that 
the temperature results for the maximum load between 1000 
and 1100 amperes should not be giver’ much consideration. 
I agree they should not, but not for the reason he advances. 
They shoud not receive undue consideration because the agere- 
gate time of operation is so short. The load on the generator, 
when it did change, changed relatively slowly, and it will be 
noticed on the curves that the change in temperature follows a 
change in load very rapidly, so that I think whenever currents 
between 1000 and 1100 amperes are recorded temperatures 
between the limits corresponding to these loads actually existed. 

Mr. Lincoln took issue with a statement I made in my intro- 
ductory remarks concerning the reason for the rapid rate of heat- 
ing and cooling occurring in this generator. I believe the complete 
statement in the text is correct. ‘‘ The very rapid rate of heating 
and cooling of the winding shown by all of the graphical logs is 
due to the concentration of large losses in a small volume of 
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material and to the relatively lowcore temperature. Ina mod- 
ern generator of this size and voltage with a better distribution 
of losses, the difference in temperature measured between coils, 
and that measured between coil and core will be, as a rule, 10 to 
15 deg. instead of 50 deg., as in Fig. 5, and, consequently, in 
more modern units the heating and cooling curves of the wind- 
ing and core will very nearly coincide.’’ Of course, the ven- 
tilation also affects this rate, but in the Niagara generators the 
ventilation is fairly good. The rate of heating and cooling as 
measured in degrees per minute is what I referred to, and not 
the time required to reach a certain percentage of the final tem- 
perature, asreferred to by Mr. Lincoln. 

Mr. Fisken referred to the possibility of the safe temperature 
being limited by the linear expansion. It is true that this may 
prove to be a limit with very high temperatures but this is not 
likely to be the case with a maximum temperature of 150 deg. 
It should be remembered that when high temperatures exist in 
the armatures of large machines they exist only locally, so that 
throughout the entire length of the bar the average temperature 
will be much below the highest point and the total expansion 
of course will depend on the average temperature. 

Several of the speakers brought out the point that mica is not 
' the only insulation that can be used when high temperatures 
are not involved. I did not mean to convey that impression. 
There are, however, certain cases where high temperatures are 
inevitable, and in such cases mica is the only material that will 
meet the conditions. As Mr. Erben pointed out, there are classes 
of machines where the expense of mica is not warranted. It is 
poor engineering to use an expensive material where the lower 
cost material will do the work, so that there is no intention in 
presenting this paper to put forward the proposition that mica 
is a universal insulation. 

It was also not intended to advocate temperatures above 150 
deg. for continuous service. I do, at the end of the paper, ask 
some questions that might justify such an assumption, and per- 
sonally I believe that higher temperatures, will, with the ac- 
cumulation of more data, be found permissible, but I do not 
believe that at the present time we have the data that will 
justify the Standards Committee in going to higher temperatures. 
Probably all designers know of machines in which they believe 
very high temperatures exist, but until they have experimental 
data showing that they do exist, it is impossible for other 
engineers to accept such cases as evidence. 

_Mr. Foster pointed out a discrepancy in temperature results 
shown in Table VII in the tests of 10/3/14 and 2/13/15. The 
results of the tests of Feb. 1915 were higher than in the previous 
tests. It should be remembered that these tests were made at 
intervals of several months and the windings were changed 
between tests, so that some differences are to be expected. But 
the curves in Fig. 8 and Fig. 9 were plotted as the average of all 
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the tests, not as the maximum temperatures from a single test. 
The figures given in Table IX also represent these average 
results. 

I was interested in the point Mr. Torchio made, that a certain 
generator would be capable of carrying a certain large increase in 
load if temperatures equal to those of the Niagara generators 
were reached. Mr. Foster also mentioned this possibility in 
connection with large frequency changers. It is desirable to 
emphasize the fact that temperature is only one of many limita- 
tions to capacity. In any particular generator, to obtain a rating 
consistent with these Niagara temperatures, it is probable that the 
magnetic circuit would have to be increased, the exciting voltage 
would certainly have to be increased, and as I have pointed out, 
the temperature limit in the field windings of large high-speed 
generators is imposed by the increase of resistance rather than 
by the characteristics of the insulation; that is, if 100 deg. cent. rise 
is greatly exceeded, the increase in resistance and loss is so great 
that the increase in ampere-turns, for even a large increase in 
exciting voltage, is very small. For example, with an initial field 
temperature rise, by resistance, of 100 degrees, the field tempera- 
ture would have to be increased to 200 degrees and the exciting 


voltage increased by 60 per cent to obtain an increase of only — 


25 per cent in exciting ampere-turns. 

I also wish to emphasize the point that these high temperatures 
are not generally used to increase the rating or to decrease the 
size of machines. Where they have been used, certainly up to 
the present time, they have been a necessity due to the propor- 
tions of the machine. This is particularly true in large turbo- 
generators, in which high temperatures are a necessity if the 
highest attainable steam economy of the turbine is to be realized. 

I have been gratified that so many of the speakers have agreed 
with the recommendation for a somewhat higher allowable 
temperature for mica insulation. There was one note of dissent 
from Mr. Wood. He argued that this increase should not be 
made, because certain breakdowns have occurred, if I remember 
his communication correctly, even with our present limits, and 
that to jeopardize continuity of service for theoretical reasons 
is unwise. This recommended change is based on anything but 
theoretical grounds. It is the result of long years of experience 
that has led to a feeling on the part of some operators and most 
designers that these high temperatures have existed. Within 
the past two or three years we have been able to get at the real 
facts as to internal temperatures, so that this recommendation 
is the result solely of practise. We now know that these high 
temperatures have existed, and, in this case, have existed for 
twenty years. Therefore, we can safely continue to employ 
them. It is not a change; it is what we have been doing, only 
now we have fourid it out. 
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There is hardly anything which stands out so prominently 
to-day in our industrial activities, as the efficiency obtained by 
the electric driving of machinery. The duty or performance 
cycle of the motor naturally depends on the controlling ap- 
paratus, and the writer, after describing several types of resist- 
ance, endeavors to explain the various forms of magnetic control 
in vogue to-day for both d-c. and a-c. motors, hoping to bring 
out a full discussion on the merits of each, also regarding the 
characteristics embodied in contactor or magnetic switch design. 


NE OF the main reasons why the electric motor has been 
able to supersede, so generally, the steam and gas engine, 
where power is required for various industries, is the fact that it 
is more easily controlled. It is not within the scope of this. 
paper to describe all the industrial applications of motors and 
control, as each industry is a problem in itself, but rather in 
a general way to show the accepted methods and principles 
involved in the present-day control practise. 

As the resistor is the basis of nearly all control devices, we 
will consider for a moment the different types, stating the limita- 
tions of each. 

The tube type unit consists of a tube of preferably fireproof 
insulated material on which the resistance wire is wound and 
generally coated with some heat-conducting material to equalize 
the heat distribution over the whole surface. This type of unit 
is used where high resistance is required and where the current 
per unit does not exceed approximately 30 amperes. 

The bar type unit consists of a tube flattened or an iron bar 
insulated with asbestos or other fireproof material, on which the 
resistance wire is wound and generally coated with some heat- 
conducting material. This type of unit is used where high 
resistance and low current is required, but is less efficient than 
the tube type unit, because considerable heat is dissipated from 
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the inside of a tube type unit, while with a bar type all of the heat 
must be dissipated from the outside. 

The ventilated wire type unit consists of an insulated support 
on which the resistance wire is wound so as to allow free ventila- 
tion of air around the conductor itself. The resistance which 
can be obtained by this construction is limited by the mechanical — 
strength of the wire in case of high resistance, and by the stiffness 
of the conductor for low-resistance units. The current capacity 
of units of this construction varies between, approximately, 5 
and 30 amperes when the resistance material is round wire, and 
may be as high as 80 amperes when the resistance material is in 
the form of ribbon. 

The edgewise type unit consists of a conductor of narrow rib- 
bon wound edgewise on a suitable mandrel, after which it is 
dipped in a thin mixture of fire clay or other fireproof insulating 
material. The turns thus become coated with the insulation 
and the unit is then baked until all moisture is removed. The 
different values of resistance are obtained by using conductors 
of different cross-sections and different materials, and a range 
of current capacity from, approximately, 2 to 60 amperes may 
be obtained. 

The plate type unit consists of a molded plate of insulating 
' material in which are imbedded the resistor wire and the contact 
buttons connected thereto, these buttons projecting through the 
surface of the plate so as to make contact with the switch arm 
which passes over them. 

The cast-iron grid unit consists of a special grade of iron of 
proper shape to secure mechanical strength and at the same time 
to obtain considerable length. Various resistances are obtained 
by changing the cross-section of the unit, and also by changing 
the length. Because of the size required for mechanical strength 
the maximum resistance per unit is very low. The usual range 
in resistance per unit is from 0.2 to 0.005 ohm with a current 
capacity varying from 20 to 150 amperes. In designing a line 
of cast grid resistance units, the ratio of perimeter to cross- 
section should be as large as possible in order to obtain the max- 
imum radiating surface. ; 

A resistor limits the current in a circuit by transforming a 
portion of the electrical energy into heat, which may be stored 
temporarily in the resistor but is ultimately dissipated to the 
surrounding medium, which is usually the atmosphere. Whena 
resistor at atmospheric temperature is connected in a circuit, 


1915] KNIGHT: ELECTRIC MOTOR CONTROL 2783 


so as to carry current, it absorbs energy which is manifested as 
. heat. As this absorption of heat causes the temperature of 
the resistor to rise, the difference in temperature causes the re- 
sistor to dissipate heat to the surrounding medium. If the 
current is maintained constant for a sufficient time, the tempera- 
ture of the resistor will rise to a value sufficiently above the sur- 
rounding medium so that the heat can be dissipated as fast as 
developed. The property of absorbing energy by storing in 
the form of heat in the resistor, is referred to as the thermal 
capacity of the resistor. The property of dissipating absorbed 
energy by transference of heat to the surrounding medium is 
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often referred to as radiating capacity. (Actually, of course, 
this dissipation of heat is a complex process involving convection, 
radiation and, to some extent, conduction.) 

As heat cannot thus be dissipated except by an increased 
temperature of resistor above the surrounding medium, and as 
the temperature of the resistor cannot be raised except by storing 
heat in it, it follows that all resistors have, to some extent, both 
thermal capacity and dissipating capacity, although the relation 
of these two characteristics differs in units of different design. 

For instance, Fig. 1 shows the heating and cooling curves for 
a grid rated at 22 amperes at 200 deg. cent. and 28 amperes at 
350 deg. cent. rise, while Fig. 2 shows the heating and cooling 
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curves of another grid unit rated at 100 and 130 amperes at a, 
temperature rise of 190 and 300 deg. cent., respectively. As _ 
the material of the units is the same, the units have relatively 
the same thermal capacity. 

The only advantage of a unit with high thermal capacity over 
a unit with low thermal capacity is that it can carry compara- 
tively infrequent heavy loads of short duration. But as a unit 
with high thermal capacity will take longer to reach final temper- 
ature, it will also take a correspondingly longer time to cool 
down to room temperature after the circuit is opened, so that 
where frequent overloads are liable to occur, a unit with ad- 
ditional dissipating capacity must be used. 

With reference to temperature coefficient, the ideal resistor 
for most motor controlling apparatus would be one with a zero 
value. There are ‘certain types of wire that practically contain 
this feature. In the case of cast iron, the temperature co- 
efficient is 0.0007, which from a practical point of view is satis- 
factory when operating within normal temperature conditions. 

The danger point is reached when a material is used with an 
extremely high temperature coefficient, which would cause the 
resistance to increase to such a value that when frequently 
starting a heavily loaded motor, the amount of current allowed 
to flow would be insufficient to permit it to accelerate. This 
might cause the resistance to burn out, and is a condition which 
must be very carefully guarded against. Under these cir- 
cumstances the operator can cut out steps of resistance until 
sufficient current flows to start the motor. 

This will naturally leave very few points for accelerating, and 
under some conditions, it might result in opening the protective 
devices, or if they were set too high, a flashing over of the motor 
might result. 

Manual control, consisting of either dial-type rheostats or 
drum controllers, was considered satisfactory for nearly all re- 
quirements of electric motor control until a few years ago. In 
recent years, for motors of large size requiring a more or less 
complicated control, and for motors which must be started, 
reversed or stopped very frequently, it has become necessary to 
use contactors and auxiliary devices, which have to a large extent 
replaced the hand control apparatus. 

The dialttype rheostat and drum controller are comparatively 
simple and quite well known, so that a description is hardly 
necessary. We will consider briefly the different methods used 
to obtain automatic acceleration by the use of contactors. 
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The contactor, or magnet-operated switch, is the basic device 
of almost all automatic motor control systems. Though motor- 
and solenoid-operated dial switches, liquid rheostats, and other 
types of self-operated control mechanisms find certain specific 
applications, contactor control is the type:generally employed, 
especially where severe service is demanded. 

Contactor control is largely used with the motors operating 
steel mill machinery, ore bridges, large cranes, hoists of all kinds, 
reversing planers and other machine tools, printing presses, 
railway cars and locomotives, and in fact with almost all applica- 
tions of the electric motor to intermittent duty where the burden 
of the service is thrown on the controlling apparatus. This, of 
course, means that the contactor must be equal to such service 
with a reasonable amount of attention and occasional renewal 
of wearing parts. 

The essential and common parts of all contactors are: contacts, 
blow-out, magnet, frame and pivot bearings. 

The Contacts. Experience has shown that the best practise is 
to use solid copper contacts on which the current is both carried 
and ruptured. The contacts should close with a slight rolling 
motion to prevent the first rush of current from welding them 
together. Two heavy copper contact tips, backed by a sufficient 
spring pressure, will carry a surprising amount of current and 
furnish the best arc-rupturing means when placed under the 
influence of a suitable magnetic blow-out. 

Carbon or other auxiliary contacts serve no really useful pur- 
pose on contactors which are subjected to severe and constant 
duty. In fact, they only complicate the construction of the 
device and add to the possible sources of trouble. 

Laminated brushes for carrying current are also a source of 
trouble and can be profitably used only on contactors of such 
large capacity that the solid copper contacts will not carry the 
current. Such large contactors (above 1000 amperes) are not 
often called upon for such frequent operation as the smaller sizes. 

The Blow-out. The blow-out coil is in series with the circuit 
through the main contacts and the latter are between the poles 
of the blow-out. This part of the contactor demands very careful 
design, as the instant suppression of the arc, forcing it out in 
the right direction and without injury to the insulation, is of 
prime importance in the life of the device. 

The Magnet. The requirements as to the magnet are that it 
will, when energized, not only promptly and positively close the 
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contacts, but will do this on a range of voltage which may be 
anywhere from 20 per cent below to. 10 per cent above normal. 
(These percentages apply to industrial work. The variation is 
considerably greater in railway service). The coil must be, 
for the sake of economy, made as small as possible to do its work, 
and as any number of voltages and frequencies (if a-c.) enter into 
the problem, it can be readily seen that the design of the magnet 
for any contactor entails considerable study. 

The insulation of the winding must stand considerable heating 
and the coil should be impregnated against the attacks of mois- 
ture, acid, etc. 

A shunt contactor magnet should preferably be designed to 
stand continuously across the full control circuit potential. 
It is possible to “‘ soak ”’ the coil and then introduce by means 
of an auxiliary contact a resistance in series when the contactor 
is closed. This added complication, however, is a weakness 
which experience has shown should be avoided. 

The Frame. The contactor frame is designed with the follow- 
ing factors in view: Mechanical strength, capacity for the mag- 
netic flux developed by the coil, permeability of the core and, 
in the case of a-c. contactors, laminated structure. It: is,:0f 
course, essential when the coil is de-energized, that the magnetism 
breaks down instantly and permits the contactor to open in the 
quickest possible time. 

Pwot Bearings. The nature of service necessitates having 
bearing pins in the main pivot of the moving member and in the 
pivots of the contact tips. These parts should be readily remov- 
able for inspection and repair. In fact, all parts of the contactor 
are so put together as to permit quick taking a part and equally 
quick reassembly. 

Auxiliary Parts. These are mechanical interlocks with other 
contactors, electric interlocks and other auxiliary contacts, 
current-limit interlocks, shunts for the pivots, terminals, etc. 
All play a part in the determination of the design of any contactor. 


Various Types or INDUSTRIAL CONTACTORS 

D-C. Shunt Contactor. This, as the name implies, is operated 
by a magnet connected across the control circuit, which is usually 
the same as the circuit on which the motor operates. Shunt 
contactors are used as line contactors, also for accelerating, in . 
which latter case they are brought into action by means of 
current-limit relays, time-limit relays, or some kind of pilot 
controller. 


FLAITE CLA, 
Ail Ese. 
VOL. XXXIV, 1915 


[KNIGHT] 


Fic. 2—Two MECHANICALLY INTERLOCKED, HIGH-VOLTAGE, TRIPLE-POLE CONTACTORS 
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Shunt contactors provided with adjustable air gap are used 
for accelerating with their magnets connected across the motor 
terminals. 

Series Contactors. ‘These are provided with a series coil only 
and are so designed that the contactor will hold open above a 
predetermined current setting and will close as soon as the current 
falls to or below that value. Series contactors are used for 
accelerating points on d-c. motor control. They cannot be used 
for partial speed control by means of a master controller as their 
coils are in circuit with the motor armature. 

A-C. Contactors. A-c. contactors are generally operated by a 
coil connected across the control circuit, which is usually taken 
from one phase of the circuit if polyphase. On two- and three- 
phase circuits double-, triple- and four-pole contactors are em- 
ployed, energized in each case by a single magnet. For high- 
voltage service, a potential transformer is used to reduce the 
voltage of the control circuit, as the coils cannot feasibly be 
designed to operate directly on voltages above 550. 

For automatic acceleration, a-c. contactors are connected 
electrically with current-limit or time-limit relays which insure 
proper sequence and limit the rate at which the acceleration is 
accomplished. 

For voltages exceeding 1000, two types of contactors are used: 
either the air-break or oil-immersed. 

Air-break contactors have been developed for heavy duty, 
such as mine hoist operation, for which in some cases they are 
called upon to operate once or even twice every two minutes 
under the most severe conditions. This type has been designed 
and operated up to 6600 volts. See Fig. 3. 

For infrequent operation, oil-immersed contactors are in 
successful operation at potentials as high as 3300 volts. Where 
employed on heavy duty cycles the carbonization of the oil is a 
great handicap, making it necessary to replace it frequently, 
adding greatly to the operating expense. 

For d-c. motors, several methods of automatic control are 
used, as follows: 


CouNTER ELECTROMOTIVE FORCE 


This method of control is more satisfactory for use with shunt 
than with series motors because the counter e. m. f. of the latter 
depends upon the current as well as the speed, and it might be 
possible, if the motor is starting under heavy overload, to obtain 
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sufficient counter e.m.f. to close all the contactors before the 
motor has had time to accelerate properly. 

The proper closing of the contactors used to short-circuit steps 
of starting resistance is accomplished by connecting the contactor 
coils in multiple across the armature, the contactors being ad- 
justed to provide different air gaps between the core and the 
armature of the contactors in the open position. 

As the motor accelerates, the contactor having the smallest 
air gap will close first, short-circuiting a portion of the resistance, 
which continues the acceleration of the motor. As the counter 
e. m. f. increases, the next contactor will close and this is repeated 
until all the resistance is short-circuited. Sometimes instead 
of adjusting the air gap between the core and armature, contactor 
coils are used which have different ampere-turns. A typical 
connection for counter e. m. f. control is shown in Fig. 4. 


Shunt Field 


Starting Resistance 


Armature 


<0 o- 
Control Switch 


Fic. 4—Counter E, M. F. METHOD oF ContTROL | 


As the counter e. m. f. of a shunt motor varies directly with 
the speed for a given field strength, it is necessary that the speed 
‘be fairly constant in order that the contactors will operate 
properly. 

CurRrENT-Limit Metuop oF ContTROL 

There are two general methods of obtaining current-limit 
acceleration, one using one or more current-limit relays, which 
control the closing of accelerating contactors, and the second 
method using series contactors, which combine within themselves 
the functions of current-limiting relay and accelerating contactor. 

The first method, as generally used for d-c. motor control, 
depends on current-limiting relays, which may be mechanically 
connected to the contactors so that after the contactor closes, 
its relay is released for operation after the armature current has 
dropped to a predetermined value, due to acceleration of the 
motor. Fig. 5. 
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Series contactors, so called because the contactor coil winding 
is in series with the motor armature, can only be used for the 
accelerating points, making it necessary to close the main circuit 
by means of a shunt-wound contactor, knife switch or equivalent. 
Fig. 6.* This method has all the advantages of the current- 


+ 
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Fic. 5—CuRRENT LIMIT CONTROL USING SERIES RELAYS 


limit relay scheme, using individual current-limit relays, and 
the wiring is much more simple, as shown by reference to the 
wiring diagrams. ? 

For a-c. motors, different methods of control are required, 
depending on the type of motor. 


Starting Resistance 


Control 
Switch 


Armature 


Series Field 


Shunt Field 
Fic. 6—CuRRENT LIMIT CONTROL USING SERIES CONTACTORS 


SQUIRREL CAGE TYPE oF MOTOR 


The proper starting current is obtained by reducing the pri- 
mary voltage impressed on the motor, by means of a resistor or 
an auto-transformer. A resistor transforms the energy of the 
excess voltage required for starting the motor into heat, while an 
auto-transformer acts as a step-down transformer with very 


*See A. I. E. E. TRANSACTIONS, Vol. XXX, 1911, pp. 1522-25, 1538-40. 
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little loss of energy. On the auto-transformer (compensator) 
coils are provided with several taps to give different starting- 
current values. Two coils are used for two-phase motors and 
two or three coils may be used for a three-phase motor. For 
automaticcontrol using either a resistance or an auto-transformer, 
contactors are used for, first connecting the motor to the line 
through the starting element, and after the motor has accelerated, 
the second contactor is closed, connecting the motor directly to 
the line. 

All sizes of motors require but one starting point because of 
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Fic. 7—CONNECTIONS OF RE- Fic. 8—CoNNECTIONS OF CURRENT 
SISTANCE TYPE SELF-STARTER LIMIT CONTROL OF AUTO-TRANS- 
FOR TWo-PHASE SQUIRREL CAGE FORMER OR COMPENSATOR FOR USE 
Motor WitH THREE-PHASE MoTOoR 


the fact that any voltage which will start the average low-resis- 
tance motor will bring the motor nearly to normal speed. Either 
a time-limit or a current-limit relay may be used to energize 
the second contactor. Fig. 7 shows the wiring of a resistance 
starter, and Fig. 8 the wiring of an auto-transformer. 

For use with 2200-volt motors, the contactors are immersed 
in oil to provide better insulation and to help rupture the are. 
A potential transformer is used to reduce the voltage of the con- 
trol circuit and a current transformer for operating the time- 
limit or.current-limit relay. 
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Siip-RInG Type or Morors 


These motors are started by means of a resistor connected 
to slip-rings on the motor shaft, which in turn are connected to 
the secondary circuits of the motor. 

As a general rule, both two- and three-phase motors are de- 
signed with a three-phase secondary and the resistance per phase 
is divided into steps, the number depending on the size and ap- 
plication of the motor. 

The closing of the accelerating contactors which short-circuit 
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Fic. 9—CoONNECTIONS OF CONTACTOR PANEL FOR USE WITH THREE- 
PHASE SLIP-RING TyPE MorTor 


the resistance in the secondary circuit is generally controlled 
by means of two, or more, current-limiting relays, except in the 
case of small motors requiring but one step of resistance, where 
but one relay is necessary. Fig. 9 shows the connections of a 
four-point starting panel. 

For use with 2200-volt motors, the primary contactor is im- 
mersed in oil to provide better insulation and arc rupturing 
capacity. A potential transformer is used to reduce the power 
circuit voltage to 500 volts or lower. 
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Time Limit Meruop or STARTING 


Another method sometimes employed for starting both d-c. 
and a-c. motors makes use of some form of time-element device 
for governing the time required for cutting the starting resistance 
out of circuit. This may be asolenoid-operated switch retarded 
by a dash pot or its equivalent, or it may be a motor-driven 
switch. For small and medium size motors, the switch will 
handle the motor current directly and for large motors the switch 
is used as a master switch for energizing the coils of magnet 
switches or contactors. This method of starting is recommended 
for use with motors liable to be stalled or to become overloaded 
during the starting period, such as a plunger pump liable to 
become clogged or frozen, where, with the current-limit type of 
starter, the current would not fall to the point where the next 
accelerating contactor could close, but with a time-limit 8elf- 
starter the fuses or circuit breaker would open after the starting 
resistance had been cut out. 


Dynamic BRAKING 


One very important feature peculiar to the d-c. motor is the 
possibility of operating the motor as a generator for quick stop- 


ping or for limiting the lowering speed when overhauled by aca 


suspended weight as in crane service. For this purpose a re- 
sistor is connected in the armature circuit, which dissipates the 
stored energy as heat. This method is called “dynamic braking.”’ 
For quickly stopping an a-c. motor use is sometimes made of 
a low-voltage direct-current circuit, which is connected to two 
of the primary phases, after the motor has been disconnected 
from the line. The more usual method called “plugging” is to 
reconnect the motor and apply power in the opposite direction, 
but the circuit must be opened as soon as the motor has stopped 
or the motor will run in the reverse direction. 
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Discussion ON ‘‘ THE PRINCIPLES AND SYSTEMS OF ELECTRIC 
Motor Conrtroi” (Knicut), New York, DecemBER 10, 
1915. 


Bassett Jones: It seems to me that Mr. Knight makes many 
statements as though they were indisputable facts, that are really 
subjects requiring careful determination in each case of control 
application. My experience with controllers has led me to 
the conclusion that.the question of copper vs. graphite contacts 
is of this nature. The answer, it seems to me, will depend upon 
the mode of operation of the motor control and the character 
of its service. Nor do I believe that it is always essential that 
a multiplicity of separately operated contactors be employed. 
There are other statements in the paper which are open to the 
same form of question. 

My experience with motor control has related largely to 
building equipment. In a building such as a hotel, for instance, 
motors will be used for all kinds of services. In some cases 
series motors are advisable; in some cases compound-wound 
motors give the most advantageous service, and in many cases, 
shunt-wound motors have characteristics which are peculiarly 
useful and these motors have a large range of sizes in the same 
installation. Usually the architect writes the specification which, 
in all cases, does not even indicate more than the mere fact 
that a motor is required. Such specifications are turned over to 
heating and plumbing contractors, etc., who proceed to purchase 
motors and controllers where they can best do so from the view- 
point of first cost. They will buy motors from one manufacturer 
and not always of the same type, and controllers from other 
manufacturers and not always of the same make, so that in 
most buildings there is an extraordinary diversity of motors 
and controllers, and in instances this diversity even occurs in 
the case of motors and controllers used for similar purposes. 
The result is that great confusion exists. The wrong type of 
motor is frequently purchased and the wrong type of controller 
for this motor and the service which it has to perform, so that 
it is rare to find an installation in which continuous trouble 
does not occur in one form or another. The electrician at the 
building has to carry a stock of supplies for each make of control- 
ler and each make of motor installed, and heis very rarely prop- 
erly instructed so that he can purchase the right sort of material 
and renewal parts. 

That this is not an exaggeration can be indicated by one of 
many instances with which I am familiar. This case involved 
a centrifugal pump working under intermittent service on closed 
house tank duty with 160 ft. head and a check valve placed ina 
discharge line. The equipment was not provided with any 
automatic by-pass or any device to take care of the reduction 
in head should fire connections be taken off below the tank 
level. The pump was operated by a three-phase 20-horse power 
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squirrel cage motor which was controlled by an unbalanced 
resistance starter. There were three material defects in the 
system; first, the arrangement of the piping was wrong; second, 
the type of pump for the duty required was wrong; third, the 
type of motor was wrong; and fourth, the controller was of 
the wrong type to use with this motor under the conditions 
under which it had to operate. A fifth error was in the wiring 
of the controller, which was so connected that in addition to 
having but two resistances in two of the three phases, the resist- 
ances themselves were unbalanced. The result was that when 
the motor started automatically, its in-rush current was some- 
what over seven times its running current, resulting in an extra- 
ordinary disturbance in the service lines, which indeed was 
felt as far away as the central power station, fifteen miles from 
the motor installation, and caused a slowing down of all of the 
a-c. elevators in the immediate neighborhood. 

This entire trouble could have: been avoided if the proper 
specifications had been drawn for the equipment or even if a 
little common sense has been used in purchasing the material. 
The plumbing contractor who made the installation cannot be 
blamed, for he was not familiar with electrical appliances. 

The moral to be drawn is that the manufacturers do not 
issue the proper information in such form that men such as this 
contractor can avoid such difficulties. 

I have studied most of the literature on controller and motor 
applications issued by manufacturers, and have yet to find any 
material of this sort that gives the right kind of instructions for 
the selection of motors and controllers and for ordering them. 

I came to this meeting tonight with the hope that I would 
hear something said that would tend to alleviate this difficulty, 
and I find the representative of one manufacturer making 
emphatic statements with regard to the details of controllers 
which are immediately and quite as emphatically denied by 
the representative of another manufacturer. As a matter of 
fact, I consider both of them are more more or less right, but 
the result of the discussion, in its effect on those who are trying 
to purchase controllers, is disastrous. 

Edwin J. Murphy: While hearing Mr. Knight’s paper read, I 
noted several points that might be brought out. One relates 
to the limitations of manual control as compared with magnetic 
control. I have in mind the rapid evolution in the railway 
field, where the manual control reached its limitations. I believe 
that the largest drum type controllers ever built were used in 
the Baltimore & Ohio tunnel electrification, where the power 
to be handled required an enormous controller. The limit to 
the size of manually operated controllers would be set by the 
physical strength and endurance of the operator. This particu- 
larly applies to many steel mill operations, wherein the motors 
are frequently reversed. In such applications it is practically 


imperative to adopt the magnetic type of control using the 
contactors. 
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Referring to the design of such contactors, a great deal de- 
pends upon the duty for which they are required, and while 
these devices to some extent perform the functions of the usual 
circuit breaker, a satisfactory design of the latter would not be 
suitable as a contactor. I refer particularly to the contacts. 
The average circuit breaker is equipped with a brush contact 
for carrying the current in conjunction with carbon arcing 
contacts. This arrangement is entirely satisfactory as a safetv 
device and in most cases circuit breakers are not operated more 
than once a week. The operating conditions for contactors 
are entirely different and far more severe. 

In many applications the contactors must open and close 
heavy currents many times per minute for long periods. We 
have found that solid copper contacts are best adapted for severe 
operating conditions and that brushes wear out and give trouble 
under similar conditions; this also applies to auxiliary carbon 
arcing contacts, with added objection due to the fragility of the 
material. Very massive carbon contacts can be used in certain 
special applications where the normal current of the motor is 
small with high accelerating peaks of short duration. The ex- 
tremely high resistance of carbon is one of the practical limitations 
in this case. Carbon contacts are frequently used in elevator 
control where conditions are favorable. 

Mr. Knight mentions the magnetic blow-out used in contactors 
and points out the necessity of keeping the arc away from the 
insulating plates of the chute, which otherwise would be quickly 
destroyed. It may be interesting to note that the sound accom- 
panying the rupture of heavy currents will indicate the efficiency 
of blow-out in this respect. An inexperienced person would be 
led to suppose that a sharp report would mean that the circuit 
was rapidly opened, hence efficiently. This sharp report really 
means that the arc has been blown against the chute or baffle. A 
dull roar of relatively short duration shows that the blow-out is 
arcing properly. With direct current, the first-mentioned noise 
may be compared to the sharp crack of a rifle; but a noise like 
the discharge of a shot gun indicates proper action. 

I agree with Mr. Knight concerning the design of contactor 
magnet coils that require auxiliary series resistance. This 
arrangement means extra interlock contacts and adds another 
complication and possible source of trouble. 

Referring to the a-c. contactors mentioned, it is rather sur- 
prising to note the difference in the results obtained in operating 
a well designed air break contactor, equipped with a magnetic 
blow-out, and an oil-immersed contactor of similar capacity. 
A high-voltage air-break contactor makes a great noise with a 
spectacular arc and one would think that the life of the arcing 
contacts and adjacent parts would be very short and the quietly 
acting oil-immersed contactor would have the advantage on 
these points. As a matter of actual experience, with well de- 
signed contactors breaking 2300 volts, 300 to 400 amperes, 
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the life of the arcing tips of an air break contactor might be 
five or ten times that of the tips in the oil-immersed type. 

The oil breaker or oil-immersed switch is certainly a very 
reliable device and gives good service in the proper fields. Where 
large power is very frequently interrupted, the high-voltage air- 
break contactor is more suitable. 

With reference to the counter e. m. f. system of control, there 
is one serious limitation where a large number of accelerating 
contactors are necessary. In such cases, the last contactor to 
close must be operated at a voltage very near the line voltage. 
If the line voltage is not constant, it might fall below the point 
where this contactor is set to close and the last section of start- 
ing resistance may remain in circuit indefinitely. The change 
in the resistance of the contactor operating coils due to normal 
temperature rise will aggravate this trouble. 

The current-limit control system is on the whole the most 
satisfactory for starting a variety of loads. The same panel 
with identical adjustment will start a motor having so little 
inertia load as to reach normal speed within a few seconds, and 
also start a motor with sufficient inertia load to require thirty 
seconds to reach normal speed. This system is not sensitive to 
line voltage fluctuations. 

The time-limit control would be all right if load conditions 
were always invariable, but this is seldom met in practise. In 
the case of fire-pump installations, where it is absolutely necessary 


to get the motor up to speed regardless of possible damage, the | 


time-limit control is suitable. 

The use of dynamic braking for quickly bringing the motor 
and load to rest is a very valuable feature and widely used, 
in reversing planer control and similar applications. 

In closing, I may say that those who are familiar with steel 
mill apparatus and machine tool control, are aware of the 
rapidity with which control panels must often operate. Thereare 
extreme cases where a motor must be reversed as often as thirty 
times a minute for long periods. This means that the line con- 
tactors operate thirty.times per minute and the accelerating 
contactors operate sixty times per minute. This is a very severe 
mechanical and electrical test of the control devices and in 
many cases this is further aggravated by the presence of gritty 
dust in the surrounding air. 

W. I. Slichter: The ability of the modern control system 
to control the acceleration, direction and operation of large 
size motors, to protect these motors from overloads and false 
steps, is really wonderful. The problem is very intricate and 
complex, and it is, therefore, probably natural that the appa- 
ratus used should alsobe complex. The systems have developed 
so that they may be put in the hands of the most ignorant 
operators and, on account of the fool-proof properties, prevent 
any damage resulting from improper handling. But in order 
to achieve this very desirable purpose, some of the installa- 
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tions are made in such a way that it takes a very experienced 
and expert specialist to install or repair the apparatus or even 
to follow the diagrams and understand the functions of each 
part. 

While I am not prepared to state absolutely that a more 
simple system is possible, yet on the principle that the sim- 
plest method is always the best method, I wish to put in my 
plea for a consideration of the question whether all the pro- 
tective and regulating devices usually included in the control 
systems are so essential that they really warrant the complexity 
introduced; and second, whether a uniform system of con- 
ventional symbols might not be recommended or adopted by the 
Institute with advantage to all. 

The series contactor is one means of simplifying the control 
by doing away with a number of the relay circuits and inter- 
locks, and I would like to ask to what extent the series con- 
tactor is being used in commercial installations and what are 
the chances of its becoming the universal switch in the accel- 
erating operation. 

The design of a control system which shall start the motor, 
limit the current to a given maximum and bring the motor 
automatically up to speed in the minimum time compatible 
with the allowable upper limit of current is a very nice prob- 
lem, involving a careful theoretical calculation of the resist- 
ance to be used on each step and a nice adjustment either by 
time or current value to determine the transition from step 
to step. It is a matter which requires an ingenious arrange- 
ment of circuits, several of which are described in the paper 
under discussion, and of these ft appears to the writer that 
the method using series relays offers great possibilities of 
reducing the complexity of the wiring and thereby the chance 
of trouble and the cost of maintenance. 

The control of a-c. motors usually requires the use of a con- 
tactor energized by alternating currents, which is a problem 
presenting many difficulties, first, on account of the liability 
of chattering of the contactor with the pulsating flux; and sec- 
ond, on account of the fact that an a-c. solenoid supplied with 
a constant voltage has a constant value of flux requiring a 
very large current when the contactor is open and a small 
current after the contactor is closed. As far as the design of 
the contactor itself is concerned, this brings about a condition 
in which the current is large during short periods of time and 
small during continuous operation, resulting in lower heating 
and economy of material, but great sensitiveness to voltage 
variation. 

In regard to the resistances used, I shall be glad to hear 
what progress is being made in ventilating and cooling the 
resistance proper, as so much improvement has been made in 
the ventilation of electrical machinery of late that it seems 
natural to expect that this knowledge should be applied to 
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the reduction in amount of material used in resistors, not 
only to reduce the first cost, but particularly to reduce the weight 
and space occupied by the apparatus. : 

From some tests on copper, steel and brass contacts in 
my own experience, I can endorse the author’s statement 
that copper is the best for contact, and that for quick action 
or for a confined space, carbon auxiliary contacts are not de- 
sirable. 

In connection with the subject of dynamic braking, I have 
met with several installations in which the resistance shunted 
across the armature is kept in series with a higher resistance 
across the line arranged in potentiometer connection, and 
would like to ask the benefit of this arrangement. 

Where we have to start and stop a large mass frequently, 


as in a mine hoist, it is quite a problem to take care of the . 


kinetic energy. With dynamic braking we have the motor 
operating as a generator, short-circuited by a resistance, and 
a large part of the kinetic energy of the mass is liberated in 
the resistance and a small part liberated in the armature of 
the machine, which means a larger motor. This is not al- 
ways appreciated by the customer or the operator. In plug- 
ging, the mass is stopped by reversing the motor, that energy 
is all liberated in the armature, and consequently we must 
have a very much larger motor. This matter of stopping the 
mass is of very great interest, and the dimensions of the arma- 
ture of the motor to be used in that connection are very 
important. 


F. B. Crocker: The term ‘“‘control’’ as used in this paper } 


seems to be confined to thesautomatic starting of motors. 

Some quarter of a century ago I read a paper on the 
regulation of electric motors. I used that term in the 
generic sense and the paper almost entirely related to the 
variation or adjustment of speed. Now it is a question of 
starting motors. I think I can understand the reason. In 
those days to which I refer, a motor was a small device, with 
one single contact, and one switch of reasonable capacity 
could readily control all the current. We had no difficulty 
in dissipating the energy, a moderate rheostat would handle 
it, and one contact would stand the wear and tear. Now two 
things are necessary, one is the subdivision of the current, 
because the motors are so large, and the other is to limit that 
current, because the starting current is heavy, and must not 
exceed a certain maximum. Therefore the matter of control 
now is really one of starting motors and limiting the current 
by subdividing it between a number of contacts. 

_ This paper does not go into the question of speed varia- 
tion. In a quarter of a century, there has not been such a 
great deal of progress made in solving the problem of the 
variable-speed motor, that is, speed adjustment. 

Of course this question of motor control with reference to 


1915] DISCUSSION AT NEW YORK 2799 


starting is a very practical question: We are not so very 
much nearer to a really satisfactory solution of the speed . 
control in contradistinction to the current control, which is 
the principal point in the starting of motors. 

The difficulty in starting, as in speed control, is that we 
have to provide in some way for the difference between the 
applied voltage and the low counter e.m.f. in the motor. It 
is really difficult to dispose of the amount of current that cor- 
responds to that voltage. The obvious way is to take it up 
in a rheostat. That is what we used to do in those old days, 
and that is what we do now. Perhaps there never will be 
an entirely satisfactory solution of that problem, but it does 
seem, with the great advance we have had in twenty- 
five years, that we should have done better in solving this 
particular problem of handling this difference between the full 
running conditions of the motor and the low speed or zero 
speed. 

All we do is to simply destroy the energy. That does not 
seem to be the efficient or scientific solution of the problem. 
The motor when it runs at full speed is an admirable ma- 
chine, but running at low speed or starting to run, is a con- 
dition that we do not seem to have handled scientifically, al- 
though we have handled it practically with sufficient success 
to make it commercial. 

J. H. Albrecht: Mr. Knight took up the question of the 
use of carbon on the contacts of magnetic contactors. The 
company I am connected with, on the larger sizes of contactors 
uses carbon or rather graphite for the initial contact. The 
chief objection to the magnetic switch, especially among steel 
mill men, has been the fact that it ‘‘froze’’, the common 
name for sticking or welding in the closed position. When 
you are handling small currents not in excess of 125 or 150 
amperes there is not much danger of freezing, for several reasons. 
In the first place, the energy handled is small. In the second 
place, you do not require the stiff spring pressure necessary 
in handling large currents. Any well designed contactor in 
normal service will not freeze, 7.e., if the switch closes com- 
pletely the proper design of the contact motion will allow the 
contactor to break itself free on opening. However, when 
you get a jogging condition the operator will throw his master 
controller and if he has made a false move he will reverse it 
instantly. As a result the contactor will start to close and 
may then have its magnet coil deenergized just as the initial 
contact is made. In the larger sizes of contactors you must 
have a fairly stiff spring pressure and it is a fact that if two 
pieces of copper are brought together in this manner with a 
stiff spring pressure back of them, there is a decided tendency 
to weld or freeze. If your initial contact is graphite to copper 
it will not weld, and that is our justification for the graphite 


contact. 
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We have done quite a lot of experimenting and have finally 
.come to the use of a very dense, hard graphite which resists 
both the mechanical wear and the electrical wear very well, 
and it will stand up just as long as the copper contacts. The 
above, of course, applies only to the initial contact. In its 
final position the contacts roll over the graphite and on to a 
copper contact. The final contact, therefore, is between 
copper and copper and the graphite piece does not carry any 
current. 

Regarding a-c. contactors in high-voltage work, we strongly 
advocate the air-break switch for very frequent service for 
the reasons which Mr. Knight has mentioned. Another reason 
is the fact that the air-break switch is open in construction and 
readily accessible for inspection. The operator can see at a 
glance what shape his contacts are in. In the case of an oil 
switch he must take the tank off to inspect the contacts and 
he will probably not do this until trouble occurs and forces 
him to make the inspection. 

There is one point I want to bring out in connection with 
the use of the high-voltage air-break switch. In one of his 
illustrations Mr. Knight showed a mechanically interlocked 
set of reversing contacts and in another illustration an elec- 
trically interlocked set of contactors. That is, the coil cur- 
rent for the reverse switch was carried on a “butterfly ”’ or in- 
terlocking contact on the forward switch. It has been our 
experience that neither an electrical or a mechanical inter- 
lock or a combination of both is satisfactory. It-is satisfactory 
under normal conditions but under certain conditions it is 
sure to cause trouble. If there is a tendency for the arc to 
hang over, the opposite directional switch may close and cause 
a short circuit as long as the first arc is maintained. This 
cannot be avoided with the interlocking schemes outlined 
by Mr. Knight because the a-c. magnets are very quick-acting 
and the forward switch is very-apt to be in the open position 
with the arc hanging on when the reverse switch closes. I 
believe many of the otherwise unexplainable peaks on hoist 
circuits using these controllers are due to the instantaneous 
over-lapping of the reversing contactors. 

To get away from this condition we have developed what 
we call the drop-out relay. Two of these relays are used, 
the coil of each being in series with one or the other of the 
directional switches, consequently, in series with the are. 
The relay on the forward switch carries the operating coil of 


the reverse switch on its contacts. The relay on the reverse — 


switch in a similar manner controls the coil of the forward 
switch. The relay has a very low drop-out point and will 
hold up until the arc has actually been blown out and, of 
course, prevents the closing of the opposite switch until this 
has happened. We have found this to be a very valuable 
device, especially in rapid reversing service, as it absolutely 
prevents any overlapping of the directional switches. 
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_ Dr. Crocker in his remarks deplores the lack of progress 
in speed control and regulation of d-c. motors. Probably 
the most remarkable example of progress along these lines is 
the new electrically driven reversing blooming mill drive. 
We have recently installed for one of the large steel mills a 
12,000-h.p., d-c. machine driving the main rolls. We use the 
variable voltage system of control, the motor is permanently 
tied in to the generator, which in turn is driven by ana-c. motor 
equipped with slip regulator. The generator unit carries an 
extremely heavy flywheel on its shaft. By the proper func- 
tioning of the slip regulator the flywheel carries all the peak 
loads. The h.p. required at the mill spindle ofttimes reaches 
15,000 h.p., and at the same time the line input to the a-c. 
end of the outfit is limited to approximately 1600 kw. The 
difference between the line input and the output at the mill 
spindle is, of course, supplied from the stored energy of the 
flywheel. We get a speed variation of from 0 to 120 rev. per 
min. by field control of the motor and generator. The’ re- 
versal is obtained by reversing the polarity of the generator. 
The regulation is very good at all speeds and, of course, there 
are no rheostatic losses except the extremely small loss in the 
exciter circuit: 

This application is also a very good example of what can 
be accomplished by dynamic braking. When the motor field 
is strengthened by pulling the master control handle to the 
“off” position the motor will regenerate through the generator 
circuit a current which sometimes rises as high as 6000 amperes. 
6000 amperes at 600 volts multiplied by 2, as there are two 
machines on the shaft, gives a total energy of 7200 kw. returned 
to the line. This energy is not absorbed in any resistance but 
is returned to the generator and utilized in speeding up the 
flywheel for the next pass. 

H. F. Stratton (by letter): I wish to speak briefly about 
another phase of electric motor control. I would like to em- 
phasize some of the reasons responsible for the constantly 
increasing use of electric power. ‘Mr. Knight touches on this 
subject in his opening paragraph when he says that one of the 
main reasons why the electric motor has superseded steam 
power, is the superior control features of the electric motor. 

Examine the United States Census statistics and certain im- 
portant conditions will be found. These conditions remain 
the same in principle and largely the same in magnitude 
whether they are examined from the standpoint of individual 
industries or from the standpoint of the total of all industries. 
The three conditions which I am going to mention I think 
are the most important aspect of modern manufacturing. 
They are; first: a large increase in wages per hour, and it is 
estimated by economists that during the last ten years aver- 
age wages per hour have increased 30 to 40 per cent; second, 
a decrease in the item of wages expressed as a portion of the 
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selling price; third, a large increase in the investment in 
manufacturing equipment, and this increase is larger propor- 
tionately than the increase in output. 

On one side we see labor demanding and getting more wages, 
shorter hours and greater expenditures in the interests of wel- 
fare and safety. We also unfortunately see labor protesting 
against the increased efficiency of labor; insisting that a man 
shall do, not what he can, but only what the average man 
can do. 

On the other side, we see the combined efforts of millions 
of dollars spent for new equipment, and a large number of 
specialized thinkers struggling to increase production that 
profit may not be annihilated. Improved equipment is used 
that the workmen may produce more, or that a $3.00 man may 
displace a $4.00 man. Machinery is designed so that numer- 
ous operations are performed simultaneously, automatically, 
and rapidly. Manufacturing operations are planned and 
standardized, speeds and feeds are specified, in order that 
output may depend, not upon the initiative of the workmen, 
but upon the capacity of the machine. Material is routed to 
travel the least possible distance in its conversion from raw 
to finished products. The principle of the division of labor 
is carried to a degree of completeness heretofore apparently 
impossible. A condition is being approximated where many 
manufacturing operations are largely independent of the in- 
itiative and skill of the workmen. 

I think it is along these lines of increasing productive capac- 
ity, that the properly controlled electric motor is finding a 
reason for its rapid extension. These points are mentioned to 
emphasize my contention that the proper development of 
control apparatus lies along the lines of increasing production 
and decreasing labor cost. I think electrical control appar- 
atus incorporating these characteristics will advance in its 
application because it is genuinely progressive. 

M. D. Goodman: In those cases where engineers object 
to copper contacts for magnet switches it is due mostly to 
an inertia rather than any sound engineering objections. For 
years the carbon contact has been used with moderate success. 
However, we can say that the carbon contact cannot be made 
to give satisfactory service for such applications where the 
switches operate thousands of times a day, as is the case in 
the steel mill service. 

Within the last few years, the more progressive manufac- 
turers of controllers have discarded the carbon contact and 
are now using copper to copper contacts with satisfaction. 
Of course, the contactors themselves had to be modified so 
as to give a quick make and break and sufficient pressure be- 
tween the contacts. Furthermore, the rebound which would 
naturally occur when one contact touched the other, had to 
be gotten rid of or else they would arc on closing the switch. 
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One ingenious method of overcoming rebound is to insert 
a loose plug in the main contact arm. When the contactor 
coil is energized, the loose plug is drawn up to the core, draw- 
ing the arm with it. During a small fraction of a second 
after the loose plug has closed the magnetic circuit of the 
switch, the arm will vibrate, due to the reaction from the 
spring which is placed behind the stationary contact arm. 
However, the vibration of the arm is limited in amplitude by 
the loose plug of the arm so that the contacts cannot separate. 
Hence, no are can be produced on closing the switch. 

In reference to intermittent and continuous capacity shunt 
coils, Mr. Knight is of the opinion that the continuous ca- 
pacity coil should always be used. I believe that both types 
of coils have their particular uses. In those cases where ra- 
pidity of operation is essential, as is required in steel mills, 
the intermittent capacity coil is better adapted for this ser- 
vice, because it allows the switch to be closed and opened 
more quickly. This advantage is of special importance on 
switches of large capacities, where the inductance in the con- 
tinuous capacity coil would appreciably slow up the action 
of the switch, and therefore decrease production. In fact, 
in one mill the writer knows of, the controller had to be dis- 
carded, because it would not accelerate the motor quickly 
enough. even after all the relays were omitted and the cutting 
out of the armature resistance depended entirely on the con- 
secutive operation of the shunt-wound accelerating contactors. 

In regard to any objection to control circuit contacts, these 
have been developed to give a wiping action when they open 
and close. This adds considerably to their satisfactory per- 
formance. Furthermore, the particular type of protective 
resistance with which the writer is familiar gives practically 
no trouble. 

Mr. Knight mentions the fact that he prefers time limit 
starters for such classes of machinery where the overloads 
during the starting period prevent a series contactor from 
closing. As Mr. Knight brings out, if a time limit starter is 
used and the motor is started under heavy overload, the cir- 
cuit breaker will kick out after a certain portion of the arma- 
ture resistance has been short-circuited. Recently an inverse 
time element overload relay has been designed, which allows 
full advantage to be taken of the current limit automatic 
starter for all classes of service and at the same time protects 
the starting resistance in the starter as well. With the inverse 
time element, this overload relay may be set at approximately 
full load current. With the inverse time element feature, 
this overload relay may be adjusted to keep closed for from 
twenty to thirty seconds with this load. The greater the over- 
load, the more rapid will be the operation of the relay. Under 
these conditions, the starting resistance of the current limit 
starter will not be held in circuit long enough to do any damage, 
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if the motor load is so heavy as to prevent one or more of the 
accelerating switches from closing. At the same time, the 
relay will not open under normal accelerating conditions. 

This inverse time. element feature has been available for 
some time past, but it was to be had only in very expensive 
circuit breakers. Engineers will certainly be interested to 
know that an overload relay has been developed which meets 
the required conditions and can be obtained at a reasonable 
cost. 

F. W. Gay: Control by voltage variation is frequently 
used in the case of large isolated installations, but has been 
somewhat lost sight of as a system for industrial plants. A 
few of us have had wide experience in the use of the multiple 
voltage system, and know that certain difficulties which were 
originally encountered are being overcome by the new Sys- 
tems of control which have come out in recent vears. 

The difficulties with the ‘multiple voltage system in the 
old days were short-circuiting and arcing of the controliers 
when throwing over from one voltage to another. These 
difficulties have been largely overcome by the development of 
automatic current limiting switches, which protect both the 
controller and the motor, also new contact switches allow 
small master controllers to be used on large motors for switch- 
ing from one potential to another. These improvements make 
the old multiple voltage systems much more practical, and it 
seems to me they merit greater development than has been 
given to them. 

C. D. Knight: The aim of all control engineers is to simplify 
automatic control as much as possible. For the plain accel- 
eration of d-c. motors, the series contactor is the simplest 
device. We have yet, however, to perfect an a-c. series con- 
tactor. Consequently we are obliged to adhere to the shunt 
contactors and series or time limit relays for the automatic 
acceleration of a-c. motors. 

For adjustable-speed d-c. motors, we have the series field 
relay, which automatically brings the motor up to any pre- 
determined speed above full field operation. I believe today, 
due to’ the numerous exacting applications of motors and con. 
trol to various industries, that there are, by far, more adjust- 
able-speed motors being installed than constant-speed. 

I think the most complicated control that I know of today 
is the reversing planer equipment. This is entirely automatic 
in its action, the duty cycle being such that it may operate 
every three to four seconds, and in that time automatically 
accelerate the motor, at the end of the stroke cut it off, intro- 
ducing dynamic braking, which stops it quickly, automatically 
reverse it, putting it through the same operation on the return 
stroke. This is naturally a very difficult duty cycle, result- 
ing in thousands of operations a day. 

For machine tool work, in general, I suppose it is safe to 
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say that 75 per cent of the machine tools are today being 
equipped with adjustable-speed motors. While with d-c. 
motors we have both armature and field control, in the case of 
the a-c. motors we have adjustable speed only in the slip ring 
type of motor,in which we get the equivalent of armature 
control by introducing resistance in. the secondary circuit. 
There has been some argument raised in connection with 
the design of contactor tips. By examining Fig. 1 it will 
be seen that the contactor is so designed that the two 
solid contacts first come together at point A. As the con- 
tacter closes there is a rolling action over the surface of these 
two contacts, and when the contactor is entirely closed the 
current is carried at point B. When the contactor is de- 
energized, the same rolling action takes place, and the current 
is broken at point A. It is, therefore, impossible to carry 
current on the surface, which makes and breaks the current. 


Fig. 1 


There seems to be some misunderstanding about what we 
call a wipe and roll. Fig. 1 shows a rolling contact. Instead 
of having a rolling action, a wiping action could be intro- 
duced in which one contact rubs against the other,which might 
_ operate well when they are both smooth, but if at all rough an 
effect similar to rubbing two files together would be produced 
and would no doubt have a tendency to keep the contacts 
from closing sufficiently and result in their welding or freezing. 

J. H. Albrecht: My opinion is that if they just come up 
to the point you designate at the top and are de-energized, 
and the contactor is allowed to fall open again, your rolling 
action does not help. 

C. D. Knight: In case of severe duty where the contactor 
is liable to be de-energized before it is entirely closed, anti- 
freezing devices have been introduced, which to a certain 
extent create sufficient pressure to throw out the contactor 
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at point A. I believe the method you have in mind is to in- 
troduce graphite about the point marked A on the sketch so 
that when the contacts are entirely home you are carrying 
the current through the solid copper at the point marked B. 

J. H. Albrecht: That is right. 

C. D. Knight: All I can say to that is that I have yet to 
be convinced that the graphite or carbon will last as long as 
copper. Our practise of using solid contact tips wherever 
possible is based on a great many years’ use of this same type 
of contactor on railway work. It has proved very reliable, 
and we have introduced it in many industrial applications 
and found it very successful. 

Another question which has been raised is regarding the 
use of intermittent duty coils. I have known of cases where 
it was necessary when quick action was required to put 110- 
volt coils on a 220-volt circuit. In many of these cases, the 
coils are in service but a short fime on reversing propositions, 
consequently do not overheat. I believe in cases of this kind 
intermittent coils can be used. The point I wished to bring 
out was that where we use a shunt coil and introduce resist. 
ance in series with it by means of an interlock, an interlock 
of this kind is more or less a dangerous proposition. Some- — 
times the interlock will open before the contactor is all the 
way home. This naturally reduces the current in the coil, 
resulting in a reduction of the ampere-turns necessary to close 
it. This means insufficient pressure on the contacts and is 
liable to produce undue heating and possible freezing. 
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The Board of Directors of the American Institute of Electrical Engineers 
presents herewith to the membership its Thirty-First Annual Report, 
covering the fiscal year ending April 30, 1915. Detailed statements of the 
Institute’s finances, the various trust funds, assets and liabilities, and other 
similar data, will be found included herein. 

An examination of these statements will show that the abnormal con- 
ditions existing throughout the country during the year have not seri- 
ously affected the Institute’s finances, and that the receipts for the year 
exceed by a considerable amount the receipts of the previous year. 

A brief summary of the work accomplished during the year follows. 
For further details members are referred to past issues of the monthly 
PROCEEDINGS through the medium of which the Board endeavors to keep 
the membership informed regarding the administration of Institute 
affairs. ; 

Meetings of the Board.—The Board of Directors has held 11 meetings 
during the year. Ten of these were held at Institute headquarters in 
New York, and one at Detroit, Mich., during the Annual Convention. 
An additional, adjourned meeting was held in July 1914, for the purpose 
of considering the adoption of the Standardization Rules, reference to 
which will be found elsewhere in this report. 

Following the custom of previous years, a resumé of the business 
transacted at these meetings has been published each month in the In- 
stitute PROCEEDINGS and in the technical press, in order that the member- 
ship may have the opportunity of keeping in touch with all matters of 
interest. The material published in this way, however, represents only a 
part of the actual business transacted by the Board, as many important 
matters are necessarily held over for further consideration and action. 
regarding which publicity is withheld pending their final settlement. All 
such matters are dealt with in subsequent issues of the PROCEEDINGS. 

Conventions.—The Thirty-First Annual Convention was held in De- 
troit, Mich, June 22-26, 1914. The convention was an unqualified 
success in point of attendance, quality of the papers and discussions, and 
the enjoyment afforded by the numerous social features. The total 
registered attendance was 483, of which 302 were Institute members. 
Of the 181 guests, 100 were ladies. Fifteen technical papers were pre- 
sented at the six technical sessions, the number of papers being limited 
to afford more time for discussion and for recreation. This arrangement 
met with general approval. 

The Third Mid-winter Convention was held at Institute headquarters 
in New York, February 17-19, 1915. The program was of a general 
nature, the 12 technical papers presented covering a variety of subjects. 
The total registered attendance was 464, of which 378 were Institute 
members. A subscription dinner-dance was given at the Hotel Astor 
on the second evening, in which 350 members and guests participated. 
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The Sixth Annual Pacific Coast Meeting was held in Spokane, Washing- 
ton, September 9-11, 1914, under the auspices of the Spokane Section, 
and in conjunction with the convention of the Northwest Electric Lighs 
and Power Association. The Institute contributed five of the papert 
presented, and the Institute’s registered attendance was 192 members 
and guests. 

Other Meetings.—An Institute meeting was held in Philadelphia, Pa., 
on October 12, 1914, under the auspices of the Philadelphia Section and 
the Committee on the Use of Electricity in Marine Work. Three papers 
were presented, and the attendance was about 200. 

On May 28 and 29, 1914, a two day Institute meeting was held in 
Pittsfield, Mass., under the auspices of the Pittsfield Section. Eight 
papers were presented at this meeting, and the registered attendance was 
177. 

A two-day mteting was held in Cleveland, Ohio, on March 18 and 
19, 1915, under the auspices of the Industrial Power Committee and the 
Cleveland Section. Six papers were presented, and the registered at- 
tendance was 309. 

A two-day meeting was also held in Pittsburgh, Pa., on April 15 and 
16, 1915, under the auspices of the Committee on the Use of Electricity 
in Mines and the Pittsburgh Section. The total registration at this 
meeting was 216, and seven technical papers were presented. 

The increasing demand for meetings of this nature indicates a grow- 
ing interest on the part of the membership which will not only greatly 
benefit the Institute, but will tend still further to develop its national 
character. 

In addition to the special Institute meetings, seven meetings were held 
in New York. The Sections and Branches have also held their usual 
large number of meetings as referred to in detail in the report of the 
Sections Committee. 

Meetings have already been authorized for next October in Philadelphia 
and St. Louis. 

During the year President Lincoln has attended Institute and local 
meetings in Pittsfield, Spokane, Philadelphia, Rochester, St. Louis, 
Pittsburgh, Ithaca, Lynn, Chicago, Cleveland and New York. 


International Electrical Congress.—In the Opinion of the Executive 
Committee of the Committee on Organization of the International 
Electrical Congress, the war in Europe rendered it inexpedient to hold the 
Congress during the year 1915, and at a meeting held on September 25, 
1914, the committee adopted resolutions recommending that the Congress 
be indefinitely postponed. The Board concurred in the committee’s 
views of the situation, and on October 9 passed resolutions postponing 
the Congress until such time as it shall be deemed advisable to hold an 
International Electrical Congress in the United States. All subscrip- 
tions to the Congress were refunded in full and the Institute paid the total 
expense that had been incurred by the Committee on Organization of the 
Congress, amounting to approximately $1,500. 


International Engineering Congress.—As full information regarding 
this Congress has been widely circulated among Institute members, it is 
unnecessary to go into details regarding its history and organization 


1915] REPORT OF BOARD OF DIRECTORS 2809 


in this report. The Institute continues to maintain its interest as one of 
the five participating societies conducting the Congress, which will be 
held in San Francisco, as originally planned, September 20-25, 1915. 
The April report of the Committee of Management shows that 2,791 
members have now been enrolled on the committee’s books, of which 25 
percent are foreigners, and that 139 papers have been received, a number of 
which are by foreign authors. The plans for this Congress are progressing 
favorably, and the prospects for its success are much brighter than might 
have been expected in view of conditions abroad. 


Panama-Pacific Convention.—Recognizing that the postponement of 
the Electrical Congress would be disappointing to the Pacific Coast 
members of the Institute, and appreciating the desirability of holding a 
special meeting during the Exposition, the Board decided at its December 
meeting to authorize the Panama-Pacific Convention, to be held in San 
Francisco, September 16-18, 1915, during the week preceding that in 
which the International Engineering Congress is to be held. Informa- 
tion regarding the plans for the Panama-Pacific Convention may be 
found in the current issues of the monthly Institute PROCEEDINGS. 


Honorary Vice-President on the Pacific Coast.—Believing that the 
prestige of the Institute would be greatly enhanced by the presence on 
the Pacific Coast during the Panama-Pacific exposition of a special 
officer or representative, the Board created at its March meeting the 
special office of Honorary Vice-President, and Professor Harris J. Ryan, 
of Leland Stanford, Jr. University, Cal., whose past services to the Insti- 
tute and prominence in the engineering profession commended him as 
eminently qualified to represent the Institute, was unanimously chosen 
to fill this post of honor, unique as the first office of the kind in the Insti- 
tute’s history. The appointment was made effective at once and is to 
continue during the Exposition. 

Revision of the Constitution. Resolutions were adopted by the Board 
in April 1915 suggesting the appointment by the next administration 
of a committee to consider a revision of the Constitution, and inviting 
suggestions for amendments from the membership. For several years 
past the Institute has had such committees, and these committees have 
collected a large amount of data and suggestions for revision for the use 
of future committees. It now appears to the Board desirable that a 
committee be appointed at the beginning of the next administrative 
year to consider these and all other suggestions that may be submitted. 
The Board also adopted at the same meeting another resolution sug- 
gesting to the Section Delegates who attend the coming annual con- 
vention that they discuss this subject and submit such suggestions as 
they may decide upon. 

Amendments to the By-laws.—The by-laws were amended in re- 
sponse to recommendations made by the Section delegates in attend- 
ance at the Detroit Convention last June. Section 55 was amended 
to permit the newly elected Section officers to begin their terms of office 
either on August Ist or on January Ist. This Section formerly pro- 
vided that the terms of Section officers should coincide with that of 
the President of the Institute, which begins on August Ist. Section 60 
was amended to incorporate the duties and functions of Section dele- 
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gates attending annual conventions, and to increase the amount of 
funds available for each Section. 


Engineering Foundation.—The inauguration by the United Engineer- 
ing Society on January 27, 1915, of the Engineering Foundation, to be 
“devoted to the advancement of the Engineering Arts and Sciences in 
all their branches, to the greatest good of the Engineering Profession”’ 
is one of the most important events in the annals of engineering which 
has occurred during the year. The Foundation, which is designed to 
benefit the entire engineering profession, was made possible by the 
generous gift, to the United Engineering Society, of $200,000, by Am- 
brose Swasey, of Cleveland, Ohio, to serve as the nucleus of the Founda- 
tion. The administration of the Foundation has been entrusted to a 
Board of eleven members composed of representatives of the four national 
engineering societies,, the American Society of Civil Engineers, the 
American Society of Mechanical Engineers, the American Institute of 
Mining Engineers, and the American Institute of Electrical Engineers, 
and the United Engineering Society; also two members at large. The 
fund is to be held in trust by the United Engineering Society. 


Employment Department.—On October 9, 1914, the Board authorized 
the establishment of an Employment Department at Institute head- 
quarters, for the benefit of the Institute membership. A large number of 
circular letters were sent to Institute members in positions of executive 
and engineering responsibility, soliciting their coéperation and support, 
and the department has already proved helpful to employers and to 
members seeking employment. The plan followed,which has been de- 
scribed fully in the Institute PROCEEDINGS, is to publish in the PRocEED- - 
INGS, without charge to members, brief announcements of vacancies, 
and abstracts of the records of available men. These announce- 
ments have increased with each monthly issue, and several mem- 
bers have thereby been assisted to desirable positions although 
the business conditions during the year have been such that the num- 
ber of vacancies announced has been small compared with the number 
of men available. The department will doubtless prove of still greater 
benefit when normal business conditions are restored. 

Committees and Representatives.—There has been very little change 
in the number and character of the standing, special, and technical com- 
mittees. One new technical committee was appointed, namely, the 
Committee on the Use of Electricity in the Iron and Steel Industry. 

The Institute has continued its representation on various joint com- 
mittees and other local and national bodies with which it has been affil- 
iated in past years all of which have been more or less active during the 
year. 

For convenient reference, abstracts of reports submitted by the chair- 


men of many of the Institute committees to the Board of Directors 
are included herein, as follows: 


‘Sections Committee.—The Sections and Branches have shown grati- 
fying activity during the year, as indicated below. A new Section was 
organized last October in Rochester, N. Y., and application has been 
made for authority to organize a Section in Denver, which will be acted 
upon by the Board of Directors at the May meeting. 
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The Branches are also doing excellent work, and are steadily increas- 
ing in number, five having been organized during the year, bringing 
the number of Branches up to 52. 

The following tabulated statement shows the activity of the Sections 
and Branches as compared with previous years: 


For Fiscal Year Ending 


May 1 May 1 | May1| May1| May1 | Mayl1/!Mayl 
1909 1910 1911 1912 1913 1914 1915 


Sections 
Number of Sections. . 24 25 25 28 29. 30 31 


Number of Section 
meetings held..... 169 187 208 231 244 233 246 


Total attendance... .| 16,427 16,694 | 15,243 | 19,800] 22,825 | 22,626 | 23.507 


Branches 
Number of Branches. 26 31 36 42 47 47 52 
Number of Branch 
meetings held..... 198 237 255 281 357 306 328 
Attendanct......... 8,443 | 10,255 | 10,714 |} 10,255 11,808 | 11,617 12,712 


Meetings and Papers Committee.—The Meetings and Papers ‘Com- 
mittee has arranged for all of the Institute meetings and conventions 
held during the year, also for the Annual Convention to be held in Deer 
Park, Md., in June, and the Panama-Pacific Convention to be held in 
San Francisco in September. Arrangements are now being made for 
Institute meetings in Philadelphia and St. Louis in October, also for 
the October and November meetings in New York. All of the papers 
presented at the meetings have been approved by this committee, which 
has held monthly meetings throughout the year. In its selection and 
approval of the papers presented the committee has had the coopera- 
tion and assistance of the special technical. committees, so that every 
paper offered for presentation before the Institute is reviewed by special- 
ists in the branch of electrical engineering covered by the paper. 

New York Reception Committee.—The New York Reception Com- 
mittee reports a series of successful smokers which have followed the 
regular meetings held at Institute headquarters. The expense has been 
met by private subscription. The committee also made the arrange- 
ments for the successful and enjoyable dinner-dance held during the 
Midwinter Convention. 

Standards Committee.—The Standards Committee of 1913-1914 pre- 
sented its revised edition of the Standardization Rules to the Board of 
Directors at the Detroit Convention in June 1914. An adjourned meet- 
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ing of the Board was held on July 10, 1914, at which the Rules were 
approved, and the incoming Standards Committee of 1914-1915 was 
authorized to make editorial revisions and to issue the new edition to 
take effect on December 1, 1914. The committee held meetings in 
October and November, at which the editorial corrections were agreed 
upon, and the present edition of the Rules, under date of December 1, 
1914, was then issued. 

Regular monthly meetings have been held by the committee during 
the year, at which suggested amendments to the Rules have been dis- 
cussed and agreed upon. The committee intends to present a revised 
edition of 1915 Standardization Rules to the Board of Directors in June, 
to become effective in July or August, if approved. Notices of all of 
the committee’s meetings, with a docket of matters coming up for dis- 
cussion, are regularly forwarded by the committee’s secretary, with a 
general invitation for the representatives to be in attendance, to the 
following bodies: Association of Railway Electrical Engineers, Society 
of Automobile Engineers, Illuminating Engineering Society, American 
Electric Railway Association, National Electric Light Association, Elec- 
trical Committee of the National Fire Protection Association, Institute of 
Radio Engineers, American Society of Mechanical Engineers, American 
Society of Civil Engineers, American Institute of Mining Engineers, 
American Electrochemical Society, Electric Power Club, and the Ameri- 
can Society for Testing Materials. 

Messrs. H. M. Hobart and C. E. Skinner were appointed delegates 
at the request of the British Rating Panel to the meetings in London, 
of the British Engineering Standards Committee, with the view to 
harmonizing the Electrical Engineering Standardization Rules in England 
and America. These gentlemen left New York for London on Febru- 
ary 10, 1915, and their report was presented at the meeting of the com- 
mittee held on May 7. 


Code Committee.—During the past year the chairman of the Code 
Committee has acted as the chairman of a special committee of the 
National Fire Protection Association appointed for the purpose of draft- 
ing suggested changes in the elevator wiring requirements of the National 
Electric Code. 

A very considerable amount of time has been given to assisting the 
United States Bureau of Standards in the preparation of a set of safety 
rules which the Bureau expects to issue in the near future. Several 
meetings have been held in Washington, D. C., and in New York, for 
the purpose of revising these rules. ; 

The chairman of the Code Committee represented the Institute at 
the biennial meeting of the Electrical Committee of the National Fire 
Protection Association held in New Yorkin March1915. At this meeting 
action on Rule 13 of the National Electric Code was again deferred until 
the action of the National Committee on Overhead and Underground Con- 
struction was made known. This latter committee includes representatives 
of various associations interested in the subjects suggested in its title. 
The Institute has three representatives upon the committee, and its 
chairman is the chairman of the Institute’s Code Committee. 

Law Committee.—The work of the Law Committee during the year 


1915] REPORT OF BOARD OF DIRECTORS 2813 


has been limited to reports on several questions of minor importance 
which have been submitted to it. 

Railway Committee.—The Railway Committee this year has con- 
sidered the electric railway standards incorporated in the Standardiza- 
tion Rules, and has codperated with the Standards Committee in edit- 
ing the rules relating to railway equipment. It is now codperating with 
the Standards Committee in a revision of Rule No. 418, having ap- 
pointed a sub-committee for that purpose which includes members of 
the Railway and Standards Committees. 

The committee has also obtained a series of papers for the Annual 
Convention, dealing with the subject of contact devices for heavy traction, 
their cost of construction in various types, and their cost of maintenance. 

Transmission Committee.—Since the last Annual Meeting this com- 
mittee has prepared for final publication the comprehensive report on 
High Tension Transmission Practice compiled by the Engineering Data 
Committee of last year and offered for discussion at the Detroit Con- 
vention. 

The committee provided the program for one session of the Mid- 
winter Convention held in New York, on the general subject of high 
frequency testing of porcelain insulators. 

The specification for the testing of high voltage porcelain line insu- 
lators, which has been in course of preparation for two years, has finally 
been approved by the Transmission Committee, and the Board of Direc- 
tors has authorized its publication in the near future. 

The committee has undertaken the collection of data on the effect 
of altitude on the operating temperature of electrical apparatus, but 
the work will not be completed for some time. 

The committee is preparing a program for the Annual Convention on 
the subject of ‘‘ Foundations for and Erection of Steel Towers for Trans- 
mission Lines.”’ 

Electric Lighting Committee.—The Electric Lighting Committee pro- 
vided two papers for the March meeting in New York, and it has ar- 
ranged for a joint session with the Illuminating Engineering Society 
at the coming Annual Convention, at which the adequate lighting of 
streets and systems of electrical distribution for street lighting will be 
considered. The committee also expects to provide papers for the Pan- 
ama-Pacific Convention, or for an early meeting in New York next fall. 

Industrial Power Committee.—The Industrial Power Committee laid 
out a program at the beginning of the year which was to include the follow- 
ing: 

1, An effort to have at least one meeting of every Section and Branch 
devoted to the subject of Industrial Power. 

2. To bring together within the Institute a series of illustrated lectures 
on Industrial Power subjects which could be kept at Institute head- 
quarters and which would be available for the use of Sections and Branches 
if desired. 

3. To make a complete presentation of the subject of Industrial 
Power applications under four general headings at four different meetings. 

Three phases of the general subject have already been dealt with at 
the Midwinter Convention in New York, the Cleveland Meeting in 
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March, and the Pittsburgh Meeting in April. The fourth will be taken 
up at the Annual Convention. 

The work of the committee for the year as a whole will have covered 
a large amount of ground and will have brought about the presentation 
of much valuable material in the Institute PRocEEDINGS. This has been 
due in considerable part to the early formulation of plans, to the sub- 
division of work among the different members of the committee, and to 
a cooperation on the part of all of the individual members. 

Power Stations.—The Power Stations Committee has held some 
conferences and has collected some data, but the general feeling is that 
the work has not progressed to a sufficient extent to justify the pres- 
entation of a special report this year. 

Electrochemical Committee.—Owing to the geographical distribution 
of its members, the Electrochemical Committee has not been able to 
hold any meetings, but has carried on its work through correspondence. 
The work of the committee has been,confined to efforts to obtain suit- 
able papers on electrochemical subjects. The committee arranged for 
the joint meeting with the New York Section of the’American Electro- 
chemical Society which was held in New York on March 12, 1915. 

Electrophysics Committee.—The work of the Electrophysics Com- 
mittee has been directed chiefly to the securing of papers on subjects 
relating to the physical theory underlying the application of electricity 
to electrical engineering. Six papers have thus far been considered, 
and a seventh is promised. Of these, two have already been presented, 
and three will be presented at the Annual Convention. 

The New York meeting of April 9 was held under the auspices of 
the committee. 

Iron and Steel Industry Committee.—This committee was formed 
with the object of promoting the use of electricity in the iron and steel 
industry. As the Association of Iron and Steel Electrical Engineers is 
organized with a similar object, and comprises within its membership prac- 
tically all of the operating steel mill electrical engineers in the country, 
it was felt that good results might follow codperation with the Associa- 
tion. Accordingly, arrangements have been made with the officers of 
the Association for a joint session at its coming convention to be held 
in Detroit, Mich., September 8-11, 1915, for which the committee will 
provide two papers for presentation and discussion. 

Committee on the Use of Electricity in Mines.—For the last two 
years the efforts of the Mining Committee have beén directed toward 
obtaining more uniform regulations for the use of electricity in mines. 
Up to the present time it has not been possible to obtain the codperation 
necessary to effect this object, but steps have been taken to interest the 
U. S. Bureau of Mines, and the lead in this matter will now be taken 
by the Federal Government. In the near future the Institute will 
probably be invited to send representatives to a meeting of interested 
bodies to discuss this subject. The committee is making arrangements 
to provide papers for one session of the Panama-Pacific Convention. 

Committee on Use of Electricity in Marine Work.—During the year 
the committee obtained several papers for presentation before the In- 
stitute, but its principal work has been directed to the collection of data 
from shipbuilding companies and owners, with the object of stand- 
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ardizing as much as possible marine installations and to have available 
information on good practise in such installations. As a result of the 
data collected, suggestions of changes in the marine section of the National 
Electric Code were made to the National Fire Protection Association, 
and three meetings of the Marine Committee have been held in con- 
junction with a sub-committee of the National Fire Protection Asso- 
ciation, resulting in certain desirable changes in the code being made. 

Records and Appraisals of Properties Committee.—This committee 
has undertaken the production of a series of discussions by its members 
of the important features of inventories and appraisals of public service 
properties, with the object of bringing these discussions together into 
areport. The general subject has been divided into seven sub-divisions, 
each dealing with different phases of the subject, and each member of 
the committee has agreed to provide a discussion of one of these sub- 
divisions. 

Educational Committee.—The work of the Educational Committee 
has consisted largely in outlining the scope of its work as distinguished 
from that of similar bodies. Educational work in engineering is taken 
care of by various bodies: and it seemed desirable to differentiate the 
work properly so as to avoid duplication. A list of questions was pre- 
pared covering various phases of educational work in electrical engineer- 
ing, and the opinion of the members of the committee was sought upon 
these questions. It is hoped that the replies received will enable 
next year’s Educational Committee to make its work more definite and 
systematic. Among the topics suggested are, trade and evening schools, 
engineering apprenticeship, research in universities, standardization of 
courses and of methods of instruction, etc. It is suggested that the 
membership of the committee in future be made more homogeneous and 
not so scattered geographically, in order that the committee may consider 
each year just one topic, and thus gradually accumulate valuable data 
and make definite recommendations concerning this or that phase of 
education in electrical engineering. 


Joint Committee on Engineering Education.—This committee, consti- 
tuted of representatives from several national engineering societies includ- 
ing the Institute, and from the Carnegie Foundation for the Advancement 
of Teaching, has undertaken to make a comprehensive study of engineer- 
ing education. The work is progressing satisfactorily. Present methods 
of instruction are being determined by personal visits to representa- 
tive institutions, letters of advice and of constructive criticism are being 
digested, and suitable tests of engineering ability to be used by schools 
both for entrance and for graduation are being arranged in codéperation 
with a psychological expert. 

Editing Committee.—The Editing Committee has had general super- 
vision over the 12 numbers of the PROCEEDINGS and the volumes of TRANS- 
ACTIONS published during its incumbency. The method of handling 
discussions by condensing them as much as practicable and eliminating 
all irrelevant matter has been continued by the present committee with 
satisfactory results. The amount of material published is practically 
the same as was published during the two previous years, and no changes 
in the typographical style of these publications have been found advisable. 
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Public Policy Committee.—The Public Policy Committee has consider- 
ed a number of matters which have been referred to it during the year. 
Among the more important of these are the following: 

Representation of the Institute at a hearing in Washington, D. C., 
. last December, before the Senate Committee on Public Lands in relation 
to the Ferris Bill on the Development of Arid Lands. 

With the approval of the Executive Committee, the Public Policy 
Committee cooperated with the Philadelphia Section last October in 
filing a protest against legislation to license or register engineers in the 
State of Pennsylvania. 

Recommendations upon request of American Association for the 
Advancement of Science for cooperation of the Institute in an effort to 
reform methods of securing expert opinion in judicial procedure. 

Action on communication relative to a legislative bill in connection 
with the inspection of buildings. 

Report on advisability of making an effort to secure the appointment 
of an engineer as a member of the New York State Public Service Com- 
missions. 

The committee has been authorized to represent, and given power to 
act for, the Institute in connection with any legislation aiming to license 
or register engineers; also. to represent the Institute in connection with the 
New York State Constitutional Convention. 

Relations of Consulting Engineers.— This committee has directed its 
efforts toward the development of a schedule of fees for the use of mem- 
bers of the Institute practising as consulting engineers, believing that such 
a schedule, if approved by the Board of Directors and recognized as a 
proper basis for engineering fees, would tend to promote the best interests 
of the profession. The scope and variety of professional service rendered 
by members of the Institute in consulting practice are such -that the 
committee has found the problem one of much complexity, but it hopes to 
present a report to the Board in time for consideration at the May direc- 
tors’ meeting. 

U. S. National Committee, International Electrotechnical Commission. 
The activities of the Commission have necessarily been suspended on 
account of the war. No international meetings have been held during the 
year ending April 30, 1915, and no publications have been issued by the 
Central Office since No. 28, March1914. The Honorary Secretary issued, 
however, a report in November 1914, in which acknowledgment was 
made of the action of the A. I. E. E. in helping the Central Office to carry 
on its work during the year on a reduced scale. : 

Through the successful efforts of the committee’s President, Messrs. 
H. M. Hobart and C. E. Skinner were appointed delegates of the U. S. 
National Committee, and of the Standards Committee, to meetings in 
London, of the Rating Panel of the British Engineering Standards Com- 
mittee. These gentlemen left New York on February 10, and attended 
several meetings of the Panel. Their report was presented at a joint 
meeting of the U. S. National Committee and the Standards Committee 
on May 7, 1915. . 

Edison Medal.—The sixth Edison Medal was awarded by the Edison 
Medal Committee, on December 29, 1914, to Dr. Alexander Graham Bell, 
“for Meritorious Achievement in the Invention of the Telephone.” 
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The presentation will be made at the Annual Meeting of the Institute on 
May 18, 1915. 

Board of Examiners.—The Board of Examiners has held 11 meetings 
during the year. The Board has examined and referred to the Board of 
Directors with its recommendations, a total of 1,695 applications of all 
kinds. In addition to these, the Board has reviewed a considerable 
number of applications a second and third time. A summary of the 
applications definitely disposed of is given in the following statement: 


APPLICATIONS FOR ADMISSION. 


Recommended for election to the grade of Associate........ 761 
Recommended for election to the grade of Member......... 37 
Recommended for election to the grade of Fellow.....,.... 2 
Recommended for enrolment asstudents.......:......... 798 
Not recommended for election to the grade of Member..... 1 
Not recommended for election to the grade of Fellow....... yw Abas) 
APPLICATIONS FOR TRANSFER. 
Recommended for transfer to the grade of Membe1........ 48 
Recommended for transfer to the grade of Fellow........... 12 
Not recommended for transfer to the grade of Member..... 16 
Not recommended for transfer to the grade of Fellow..... or elt 80 
Total number of applications considered.............::%%. 1,695 


The work of the Board of Examiners has increased considerably 
since the constitutional amendments were adopted creating three grades 
of membership, and providing for direct admission to any grade, and 
requires much more time than formerly. 

Membership Committee.—The Membership Committee has been 
conducting an active and well-planned campaign to increase the member- 
ship, an outline of which may be found in the September 1914 PROCEED- 
INGS. Thecodperation of the Section and Branches was also enlisted, 
and some of the local committees have been quite successful in pro- 
ducing results. 

The following table shows the number of members in each grade, 
the total membership, and the additions and deductions that have been 
made during the year. 


Honorary : | 
Member Fellow Member | Associate Total 

Membership, April 30, 1914. 5 439 1027 6405 7876 
Additions: 

Elected iftiniei wk. eS) 37 714 

Mwransfertedisotni: pmryct 14 53 

Rieinstatedind aaccn- + af : i 5 23 
Deductions: 

LE Capa my parse oe ees hese 3 1 9 27 

Resigiued seks -)-t,16 + 2 2 8 124 

Dropped). Wan. Save ee 3 17 411 

Transferred. . anjae sn 5 9 58 
Membership, April 30, 1915. 5 448 1079 6522 8054 


DACP ASTER SESE ODN SN ee ee 
Net increase in membership during the year.................... 178 
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While, owing to the general business depression, the membership has 
not increased as much as would ordinarily have resulted from the 
efforts put forth, nevertheless, the membership has been kept up to a 
normal figure, and the results accomplished will tend to offset the losses 
which may be expected by reason of abnormal business conditions. 

The committee also, with the sanction of the Board of Directors, 
extended its scope to sending communications to delinquent members 
with the view to retaining them on the membership list. This cam- 
paign is now under way. 

Deaths.—The following deaths have occurred during the gear: 

Fellow.—H. Ward Leonard. 

Members.—E. G. Bernard, F. P. Catchings, George Cutter, E. L. 
Farrar, C. E. Hansell, M. A. Marca-Romero, J. A. Sandford, Jr., H. 
H. Sinclair, Maurice A. Viele. 

Associates.—J. A. Baylis, Alfred P. Boyd, C. F. Brackett,.Guy E. 
Fairly, A. H. Freeman, Charles M. Gould, E. L. Haines, Edw. te ale 
T. D. Harbinson, L. A. Hedger, J.jEB. Hodgson, L. H. Holtzapple, S. 
F. Macdonald, Kengo Makino, W. E. McWethy, H. W. Monk, Jorge 
Newberry, J. E. Putnam, E. A. Regestein, Stuart Richardson, A. A. 
Rockefeller, F. T. Rowatt, H. A. Russell, S. O. Sandell, Hugh C. Scott, 
B. E. Semple, T. Uweki, 

Total deaths, 37. 

Finance Committee.—The following correspondence and financial 
statements form a complete summary of the work of the Finance Com- 
mittee for the year. 


New York, May 11, 1915. 
Board of Directors, 
American Institute of Electrical Engineers. 
Gentlemen: 

Your Finance Committee respectfully submits the following report 
for the year ending April 30, 1915. 

During the past year the committee has held monthly meetings, has 
passed upon the expenditures of the Institute for various purposes and 
otherwise performed the duties prescribed for it in the Constitution and 
By-laws. Haskins & Sells, chartered accountants, have audited the 
Institute books, and their certification of the Institute finances follows. 

In company with your Treasurer and a member of the firm of chart- 
ered accountants, the committee has examined the securities held by the 
Institute and finds them to be as stated in the accountants’ report. 

The Institute still has a liability of $54,000.00 in the form of a mort- 
gage upon the land on which the Engineering Societies Building stands. 
The desirability of liquidating this mortgage has been discussed at 
intervals by the various Finance Committees of the past few years. 
In view of the present favorable financial condition of the Institute, as 
indicated in the accompanying statements, the present committee re- 
commends that the Board of Directors give consideration to the can- 
cellation of this indebtedness at an early date. 

Respectfully submitted, 
(Signed) . J. Franklin Stevens, 
Chairman, Finance Committee. 
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HASKINS & SELLS 
CERTIFIED PUBLIC ACCOUNTANTS 
30 BROAD STREET 
NEW YORK 


LONDON, E.C.- 
30 COLEMAN STREET 


CHICAGO ST. LOUIS SAN FRANCISCO 


HARRIS TRUST BUILDING THIRD NATIONAL BANK BUILDING CROCKER BUILDING 
CLEVELAND PITTSBURGH BALTIMORE 
WILLIAMSON BUILDING FARMERS BANK BUILDING CALVERT BUILDING 


CABLE ADDRESS "HASKSELLS" 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


CERTIFICATE OF AUDIT 


We have audited the books and accounts of the American Institute 
of Electrical Engineers for the year ended April 30, 1915, and 

We Heresy Certiry that the accompanying General Balance Sheet 
properly sets forth the financial condition of the Institute on April 30, 
1915, that the Statement of Income and Profit & Loss for the year ended 
that date is correct, and that the books of the Institute are in agreement 


therewith. 
HASKINS & SELLS 
Certified. Public Accountants. 
NEw Yorg, 
May 8, 1915. 
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AMERICAN INSTITUTE OF 


GENERAL BALANCE SHEET 
Exuisit A. 


ASSETS. 
LAND AND BUILDING: 
Interest in United Engineering Society’s Real Estate, No. 
25 to 33 West 39th Street: : 


Bavildim ges oo yoo eveve stauchel's-aye eyeva aaese: ateue's co RTP TARR ee $353,346.61 
Land (One=thind’ofiCost) sis a severe a ee ee 180,000.00 
Total Land and Buildingsaccsatertin eter eee $533,346.61 
EQUIPMENT: 
Library—Volumes and Fixtures.............. $ 38,536.05 . 
Works of Art, Paintings, etc..... aks 3,001.35 
Office Furniture and Fixtures... 10,603.61 
Mata Peery Soe dts oe th a eilt dae pie a niareta hn a ee $ 52,141.01 
LesspReserve for Depreciation... o.0.s14.0a aan eee 6,024.83 
Remainder—Equipment................. SB dcsnamets $46,116.18 
INVESTMENTS: 
Bonps: 
New York City, 44%, 1917, Par $8,000.00............... $ 8,362.50 
New York City, 45%, 1957, Par $22,000.00.............. 23,590.00 
City of Wilmington, Delaware, 44%, 1934, Par $15,000.00. . 15,997.50 
Chicago, Burlington & Quincy Railroad Company, 4%, 
1958, (Par $15;/000005 .1ccem toi cei ee nae 14,606.25 
Total Investments noc, tas 2 eo Ree 62,556.25 
WorkING ASSETS: 
Publications entitled ‘‘ Transactions,” etc................. $ 9,650.75 
Badgesxinirine Ws stiatovee nt Paschl. the tape hho oe hee ee 934.60 
Total Working" Assetss.7-79 47. asic k Ste ae 10,585.35 
CurRRENT ASSETS: 
G@ashers. iat eyaeoceh ssh ava: ete hee se tase at fahs eka ag otevnne orate toe ee eee $ 7,496.47 
Accounts Receivable: 
Members, for Entrance Fees and Past Dues............. 8,590.60 
AdvertisersaynsUU.d se AUTRE Ay. REI, Che, A 1,252)75 
Miscellancoush), coo) scene Rube Clerkin an ee 518.06 
Interest Accrued—Investments.............+-....00000 831.25 
Interest Accrued—Bank Balances........................ 94.37 
Total Current Assets¥aaen. se. mae Cee ae ae 18,783.50 
FunpDs: 
Land, Building, and Endowment Fund: 
Gash i. aaa uyor seek eee One ee $7,702.48 
Interest Accrued............ ale orsieoeyey hanes 79.23 
. ; = jo wtf eed Nar All 
Life Membership Fund: 
SET ee Crore ote noes ate en tee $5,281.39 
Tnperest Accrued. rs enn an ea ene” eens 40.00 
: —_—— 5,321.39 
International Electrica Congress of St. Louis— 
Library Fund: 
Cash trae bist Sa aetl. Seem oe hes ee $ 658.74 
New York City Bonds, 43%, 1957, Par 
$2,000.0025. 5,1. 2aaeen. ak cee ee 2,268.00 
ToteresteAccnucdieaniasen ie eeaee 6 meatal 45.00 
2,971.74 
MAILLoux Funp: 
Zao) SED SOMINO OCT OS As met o hoe EN Brot NU eae $ 114.05 
New York Telephone Company Bond, 43%, 
DOB Osis sna TONE eee el 1,000.00 
interest, Accriied::..c. de ante eee ee 22.50 
i 1,136.55 
otal Pin ds....2i:,.h0tea cee eee 17,211.39 
plo tall i.e, iT. oscilla ce ean $688,599 , 28 
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LIABILITIES. 


Bond and Mortgage—United Engineering Society—On In- 
terest in Land No. 25 to 33 West 39th Street 


CuRRENT LIABILITIES: 


FunpD RESERVES: 
Land, Building, and Endowment Fund 
RiteyMemibershipy Eun dis yak losanucGutetiien Le wilCoounsousoens 
International Electrical Congress of St. Louis—Library 


un 
Mailloux Fund 


Total Fund Reserves 
Surptus: Per Exhibit “B" 


5,049.41 
720.00 
1,150.50 


179.50 


7,781.71 
5,321.39 


2,971.74 
1,136.55 


2821 


$ 54000 OU 


7,099.41 


17,211.39 


610,288.48 


$688.599 28 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


STATEMENT OF INCOME AND PROFIT AND Loss 


For THE YEAR ENDED AprRiL 30, 1915 


ExHIBIT B. 


REVENUE: 
Entrancewl Gest ihn ann terceticsnstomyee Gince bee Be tyre eee $3,935.00 
Dyes cig ge gai are oe eh vane, gain o's ioo4 ts sane espe ATE GVO 86,158.70 
StudemtspD wes 5, vice ous so eciessus sowie vausieics ce ER eee 4,445.50 
Transfer Feessh 5 2c Reatarctchitetd shololatetsh. Rt teh et eae ee 640.00 
Advertising se iicota sas css ote eat tee Ce eae 8,953.63 
Subscriptions Merwe coc widest. Sais oe ee eee Se Ee 2,788.10 
Sales of “ Transactions; tetc:,. tedster 2,569.98 
Badges"Solds Say, dass tee eee $1,782.50 
Less; Gost ei aeagetieat es: Seles eee se ce fom 1,627.70 154.80 
Interestiontinvestments... e.. .cee ete nee te oe eee ae 2,625.00 
Interest, on, Bank Balancesiea,. sees 22S. nee 471.28 
Exchanges pas set. Sta Mee os ae ee 32.43 
Total hoes Rees of coat ee ee ee $112,774.42 
EXPENSES: 
Meetings and Papers Committee: 
Salaries; Editornal Department... ene eee eee $4,500.00 
Binding and Mailing Proceedings,..............seceeece 5,497 .32 
Printing: Proceedings, «shan tana axe eae eee 8,366.38 
Engraving, Proceedings asset icen cee ee 1,780.52 
Paper and |CoversPapermnwinsncit ere eee ee 5,235.47 
BE Velopes) te artis. a cncs SMS ea ee 881.25 
Stationery and Miscellaneous Printing,................. 73.50 
General Expenses Meyse.onk Bact cen ee (pleyal 
Meetings) 7.05: eveteretateler stake Ohta eae atet NT ee 6,277.85 
Volume, Noo 31 as: acepireiscroers tcc eee 1,054.22 
VolumeiNoid 2s Gg atanemmes.csoascat ao sciae en ee 12,400.42 
Volume No. 83 etrcex. aot see eee oe ae 24.68 
Totally... sa. so nueleiahe eerie $46,163.32 
Deduct Increase in Inventory of Publications: 
Mary: 15 VO (cs os aaucke R es an ee $8,674, 25 
ADEUISO, LOL G, ccucis ee gene ee 9,650.75 976.50 $ 45,186.82 
Executive Department: 
SAlATLES feueeaickasrs ota scism tiers eae mths ea eRe 15,734.00 
General, Expenses}. <i2.4s8 sion sooo eo ee 1,959.85 
United Engineering Society—Assessments,............. 3,475.00 
ERDLESS afore esses: sighs ein Ses,stune < Oe ee 434.56 
DOsta pe jiyetecsresvios, te creyie, > stele ste see re 2,827.88 
Advertising; a.0. « ssesaale se ee eee ee ee 1,970.88 
Office Furniture and Mixtures... 9260s. 40) een enee 581.80 
Stationery and Miscellaneous Printing,.......... + ae 2,877.07 
Wear Bookiand!Catalopie, sen Rear eae ene 2,688.65 
Interest on Bond and Mortgage,.................0..- 2,160.00 34,709.69 
Borwardy his cvsanve ver ane eee eee . $ 79,896.51 


REYENUE— (Forward)... 2. siscs:«tin.ctlem anita acer ee ene a $112,774.42 
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REVENUE —(HOnWArG ig «, stereo sieusleso1 se Syore hile seve (e. 41 eih7e) o/h evel evelietavaloy abe etaisis eyes 3 
EXPENSES—(Forward),.......... A RE ee TALS tic CO Ee ROR ARO OI ORSe 
Sections Committee: 
Section’ Meetings... eauteirtas aa ctae aie cre arta tiecrstentaie $4,619.43 
IB rasiere MiGStIn esi s.. \vorevever are ayauarciore ouetevoxe takers coteleressiatstestets 177.74 
Delegates Convention Expemses,............e002-seceee 1,525.57 
Salary and Traveling Expenses, Honorary Secretary,.... 4,410.23 
Salaries; New Onis (OMCe vei descte ctetetereleters alsra-ueve wishes aie 2,385.00 
Stationery and Printing, New York Office............. 832.81 
Expression Advance, Copiesss cisewies ee sielistsirs cst eis 70.07 
General: 

Mibrary "Committees amr. ereterete stays tates ofthe tenets: crete sare ova $3,861.38 
Membership: Committee) ac cor 0: oyo,sicohe orclel ete ete «o's sre 617.32 
Binance’ ‘Committe, 2 fot ikisiee cacre ovtist s States misisloere em 150.00 
Standards (Committee, «an aus ab soyanvn ciate yess Sets epee 1,249.12 
CodesCommnitte es ware ccvorcnsuste exclovertus yslievelefers shecsicicnet = ere eee 306.19 
So Pram Sa CblOr Suwl TiC © Xsens (ors a: 6 cehanelionaud ete, o orracteer scekehartnorouiel uate 440.16 
National Joint Committee on Electrolysis,..............- 200.00 
International. Electrical Congress, 1915.....%........% 1,500.00 
International Engineering Congress, 1915,.............. 935.99 
Reception Committee, International Engineering Con- 

Citeee e Wyes nets REC MODACO OLO UOO ODO OUR oo oS aaaG 130.10 
International Electrotechnical Commission,............ 758.28 
Annual Function,........ suobihstawetepere saneRe leg Sie terested Shea Ne eats 408 .95 
President’s Special Appropriation,.................+++ 80.41 
Nar One Gesbis1 Oxid al sonsttereNekoreschotareieteirekakoietposticlicaedsteystex suena ies 1,500.00 
John Fritz Medal Presentation Exercises,..............- 83.37 
IMSCEL ae OU Soe re arsrs crore vodteite (oy olisrel oie: svt hcite slot crshetese fons eg) cuaie vs. 10.60 

PROtalljstluwettterestotels sos iecersteheleia ciskeletsisieis/sheies 
Deduct: 
Decrease in Accounts Payable—Subject to Approval by 

the Finance Committee, Expenses Undistributed at: 

WHE Seat OE aeOuro 6 6 aber) Oc ORGD croc aman cro Geb $5,254.47 

JSoatl Soy MMe sdas0 adognocedeDee De oid a eOatPe acolo 4,979.41 

MotalgEx Pensessn qere clo aoletoi «\ «isieic\o¥eislekeis\isielele 
INETHREVENUE).G 620d ee ce ee ee CDSG pcb oi 2UPE Sec eye steele te eestor st eteiarotelate 
Prorit & Loss Crepit—Accessions to Library Volumes and 
UT GCeS seats a ataielaie caete sled olielo oles el eeurielale(s/e/s\sielataleysisislsisia).steis/e) s/elielelaielalsie]el- 
Gross SURPLUS FOR THE YEAR. 2.00. ececcre ree cece cece cece cece seens 
Prorit & Loss CHARGES: 
Uncollectible Dues Written Off,..............2e scene eeee $3,625.00 
Reservation for Depreciation of Furniture and Fixtures,.... 1,285.31 
A OCAL saint nie eleleie easier crete a sia gy stetereteletener erst ‘ 
NET SURPLUS FOR THE YEAR,...-+ eee eeereeerceees bth ton os OOOO DIOR 
SurpLus, MAY 1, 1914,....... 0 eee e eee resect eees Bo biclbiGd oc Oca 
Surpius, Aprit 30, 1915,...... Lees meatrareianiate anaes ite Mera meatal 
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$112,774. 
$ 79,896. 


14,020. 


12,231. 


$106.149, 


275. 


$105,874. 


$ 6,900. 


4,910. 


608,149. 
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42 
51 


85 


87 


23 


.75 
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$ 2,138.69 


79 


$610,288 48 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


STATEMENT OF CasH RECEIPTS AND DONATIONS FOR DESIGNATED PurR- 
POSES. ALSO DISBURSEMENTS, FOR THE YEAR ENDED APRIL 380, 1915. 


Exuisit C. 
RECEIPTS AND DONATIONS: 4 
Land, Building and Endowment fund—Interest ais. ca ee eee $188.94 
Life Membership Fund—Interest,.......................s,.00LL, Sse 192.83 
International Electrical Congress of St. Louis Library Fund Donations, 
and! Interest, « « «./.c.se.dusoialdeisasioyacnist iol Selva ee ee 92.50 
MaillouxFund— Interest, 5.5... >< /ombuategsa ey delae oe e 45.00 
Total... Seam ace wh Ol cts arene ae $519.27 
DISBURSEMENTS: 
Life Membership Fund, siibigs sie sels coulsehe uses oe ae $343.35 
Mailloux Fund. ..3... ss 0% aie.oinh 2 atacot hoot AUS an ela legs 26.75 
Total HSe De Sots eihavscine.cs dis etalon $370.10 
RECEIPTS AND DISBURSEMENTS PER YEAR PER MEMBER. 
During each fiscal year for the past eight years. 
Year ending April 30..... 1908 1909 1910 1911 1912 1913 1914 1915 
Membership, April 30, each : 
WiC Biers supcgctensie ee emer 5674 6400 6681 7117 7459 7654 7876 8054 
Receipts per Member..... $13.01 $13.21 $13.35 $13.37 $13.19 $13.45 $14.08 $14.06 


Disbursements per Member 11.73 10.49 12.03 11.03 12.44 15.57 12.86 13.54 


Race it Balance pe Member $1.28 $2.72 $1.32 $2.34 $ .75 *$2.12 $1.22 $> 52 
eficit, 


Respectfully submitted for the Board of Directors, 


F. L. HUTCHINSON, Secretary. 
New York, May 18, 1915. 
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SYNOPTICAL AND TOPICAL 


INDE-X 


OF 


A. I. E. E. TRANSACTIONS 


Vol. XXXIV, Parts I and II 


The main headings under which these synopses are classified were 
arrived at by a careful study of all the papers contributed since the organi- 
zation of the Institute. 

The method of making this classification may be called the automatic 
method, since it is created by sorting the papers themselves into groups 
and then naming the groups. 

Many papers fall naturally into several different groups and in such cases 
they are inserted under as many different heads as it is thought they 
rightfully belong. 

The classified synopses are designed for those searching for compre- 
hensive information on any given topic, while the subject index is in- 
tended for those looking up specific and definite data or information. 
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1. EDUCATION. 


SYMPOSIUM ON “THE STATUS OF THE ENGINEER” 
Vol. xxxiv—1915, pp. 293-332 
Addresses by Messrs. L. B. Stillwell, E. W. Rice Jr., E. M. Herr, Alex- 
ander C. Humphreys, George F. Swain, Henry G. Stott and J. J. Carty. 


2. GENERAL THEORY 


COMPARISON OF CALCULATED AND MEASURED CORONA LOSS CURVES 
F. W. Peek, Jr. Vol. xxxiv—1915, pp. 269-276 

Corona loss curves made by various investigators on experimental and 
practical lines are compared with others calculated by the quadratic law 
with same conditions as to spacing, diameter, altitude, etc. The varia- 
tions of theoretical and practical curves are accounted for and losses 
below visual critical voltage considered. 

Discussion, pages 277-278, by Messrs. J. B. Whitehead, Philip 
Torchio and F. W. Peek, Jr. 

General remarks on variation between theoretical and practical re- 
sults. Difficulty of obtaining readings under practical conditions. 


DISTORTION OF ALTERNATING-CURRENT WAVE CAUSED BY CYCLIC VARIA- 
TION IN RESISTANCE 
Frederick Bedell and E. C. Mayer Vol. xxxiv—1915, pp. 333-342 

Theoretical consideration of the distortion of current wave through 
creation of third harmonics caused by cyclic variation in resistance. 
Construction and comparison of curves, involving temperature lead and 
lag, positive and negative temperature coefficients, etc. 

Discussion, pages 343-348, by Messrs. Clayton H. Sharp, C. Field- 
Frank, L. W. Chubb, Charles R. Underhill, M. G. Lloyd and Frederick 
Bedell. 

General remarks on theory and on actual conditions occurring in an 
incandescent lamp circuit. 

THE FLOW OF ENERGY 
Robert A. Philip Vol. xxxiv—1915, pp. 779-808 

Description of a new graphical method of representing the flow of 
energy showing the functions of generators, motors, transformers, trans- 
mission lines, and other parts of an electric distributing system in terms 
of the flow of energy through them. 

No discussion. 

THE ELECTRIC STRENGTH OF AIR—VI 
J. B. Whitehead Vol. xxxiv—1915, pp. 1035-1057 

Some of the simpler fundamental experiments,on the electrical con- 

ductivity of air are described. The theory of ionization in gases is out- 
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lined and Townsend’s proof that the law of corona forming intensity is 
in accord with the theory of ionization by collision is explained. 
Discussion, pages 1058-1066, by Messrs. P. H. Thomas, J. B. Whitehead, 
F. W. Peek, Jr., E. E. F. Creighton, H. J. Ryan and L. W. Chubb. 
Discussion of corona formation under various conditions and limita- 
tions. 


THE RELUCTANCE OF SOME IRREGULAR MAGNETIC FIELDS 
John F. H. Douglas Vol. xxxiv—1915, pp. 1067-1125 


Mathematical and experimental methods of determining magnetic re- 
luctance are discus-ed. The electric field of the electric generator is 
analyzed. The reluctance of various other magnetic fields is determined 
by experiment and mathematical computation. All results are put into 
charts and formulas for convenient use. The flux lines of transformers 
and induction motors are shown and the solution of the sine-wave alter- 
nator given. 

Discussion, pages 1126-1134, by Me&srs. C. R. Underhill, F. W. Peek, 
Jts, Cs A. Adams); |; 1D. Ball,"P. IM. tineola, Ps. Ho Thomas sla Weieinbip 
and F. W. Carter. 

A discussion of various magnetic fields encountered in machine design 
including the solenoid field and the dielectric field. 


FORM FACTOR AND ITS SIGNIFICANCE—I 
Frederick Bedell, assisted by 


R. Bown and H. A. Pidgeon Vol. xxxiv—1915, pp. 1135-1142 


Significance of form factor in the study of transformer losses. Every 
wave shape has a definite form factor, but the converse is not true. Form 
factor, therefore, is shown to have no general significance as an indicator 
of wave form or distortion. A general expression for form factor is de- 
rived. 

Discussion, incorporated with that of paper by F. M. Mizushi on ‘‘An 
Analytical and Graphical Solution for Non-Sinusoidal Alternating 
Currents’’. 


DISTORTION FACTORS—II 
Frederick Bedell, assisted by 


R. Bown and C. L. Swisher Vol. xxxiv—1915, pp. 1143-1157 


The significance and usefulness of deviation, peak factor, harmonic 
factor, curve factor and differential and integral distortion factor. A 
possible factor combining the differential and integral factors is suggested. 
Variation of the different factors with phase, amplitude and frequency 
is given. 

Discussion incorporated with that of paper by F. M. Mizushi on ‘‘An 


Analytical and Graphical Solution for Non-Sinusoidal Alternating 
Currents’’. 


AN ANALYTICAL AND GRAPHICAL SOLUTION FOR NON-SINUSOIDAL ALTER- 
NATING-CURRENTS 

F. M. Mizushi Vol. xxxiv—1915, pp. 1159-1170 

The solution for sinusoidal currents, series circuits, may be modified 

by the introduction of current distortion factors to hold for non-sinusoidal 

currents. The usual solution for parallel circuits may likewise be modified 
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by similar voltage distortion factors. The general analytical solution 
for both cases is followed by the graphical solution and by special cases. 

Discussion (including that of papers by F. Bedell, R. Bown, H. A. 
Pidgeon, and C. L. Swisher, and Report of Joint Committee on Inductive 
Interference), pages 1171-1200, by Messrs. C. A. Adams, L. W. Chubb, 
H. S. Osborne, W. V. Lyon, W. I. Middleton, C. L. Dawes, E. E. F. 
Creighton, J. B. Whitehead, W. J. Foster and F. Bedell. 

Discussion of the effect of frequency on telephone operation with re- 
commendations leading to the reduction of distortion of wave form in 
power circuits. A description of the pure wave generator. 


THE PHASE ANGLE OF CURRENT TRANSFORMERS 
Cc. L. Dawes Vol. xxxiv—1915, pp. 1585-1598 


The determination of the phase angle of current transformers by means 
of a wattmeter and the corrections which must be applied to readings to 
correct unavoidable errors. Results of tests are given and the use of the 
a-c. potentiometer as a check method is described. 

Discussion incorporated with that of paper by Charles Fortescue on 
“The Calibration of Current Transformers by Means of Mutual Induc- 
tances 


THE CALIBRATION OF CURRENT TRANSFORMERS BY MEANS OF MUTUAL 


INDUCTANCE 

The Measurement of Mutual Inductance and Self-Inductance and Alternating-Current 
Resistance 

Charles Fortescue Vol. xxxiv—1915, pp. 1599-1615 


A statement of the reasons for the selection of mutual inductances as 
a means for calibrating current transformers and a description of the 
design and manufacture of the apparatus. Formula used in calculating 
mutual inductances and its limitation is given as well as methods of 
calibrating mutual inductances and of measuring rates and phase-dis- 
placements. An artificial method of loading transformers under test is 
proposed. 

Discussion (including that of paper by C. L. Dawes), pages 1616-1626, 
by Messrs. G. A. Campbell, L. W. Chubb, C. H. Sharp, J. R. Craighead, 
C. W. Bates and.C. L. Dawes. 

A detailed discussion of general points involved in the paper with 
elaboration of certain points. 


AN INVESTIGATION OF DIELECTRIC LOSSES WITH THE CATHODE RAY TUBE 
John P. Minton * Vol. xxxiv—1915, pp. 1627-1677 
This paper discusses the theory of the cathode ray tube wattmeter and 
shows how it can be used to determine directly the power factors of in- 
sulations. The development of the cathode ray tube and its auxiliary 
apparatus is discussed. Measurements of dielectric losses, power factors 
and currents for varnished cloth and oil-treated pressboards are given, 
curves plotted and the empirical equations derived from them stated. 
The large and harmful effects of moisture and high temperature are 
clearly shown. 
Discussion, pages 1678-1691, by Messrs. H. W. Fisher, R. W. Atkinson, 
" F. W. Peek, Jr., C. L. Fortescue, W. C. Arsem, H. J. Ryan, R. P. Jackson, 
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C. L. Dawes, W. I. Middleton, C. H. Sharp, C. W. Davis and Jc Jee 
Minton. 

A general discussion of points involved in the paper and a comparison 
of losses in gas, liquid and solid insulations. 


THE EFFECT OF TRANSIENT VOLTAGES ON DIELECTRICS 
F. W. Peek, Jr. Vol. xxxiv—1915, pp. 1857-1909 


An investigation of the various phenomena affecting the strength of 
dielectrics and means of protecting them from transient voltages. An 
impulse generator from which voltages of any wave front, length of tail, 
etc., can be obtained is described. The strength of air between spheres 
and needles is given as well as time and voltage required for rupture. 
Transient spark-over and corona voltages for wires, surface spark-over, 
effects of polarity, air density, practical application, etc., are given. 
Transient spark-over voltage and time are recorded for oil and various 
solid dielectrics. 

Discussion, pages 1910-1920, by Messrs. J. C. Clark, E. E. F. Creighton, 
P. H. Thomas, F. W. Peek, Jr., R. W. Sorensen, F. F. Brand, J. M. Weed 
and H. C. Stephens. 

A general discussion with particular emphasis on spark lag, wet and 
dry spark-over and ionization. 


EXPERIMENTAL RESEARCHES ON SKIN EFFECT IN CONDUCTORS 
A. E. Kennelly, F. W. Laws and P. H. Pierce Vol. xxxiv—1915, pr. 1953-2018 


The results of about one hundred series of tests, each covering a range 
in frequency up to about 5000 cycles per second, on the impedance of long 
loops of parallel conductors of different metals, sizes and cross-sectional 
forms. The measuring apparatus is described. The theory of skin 
effect in solid rods and in indefinitely wide flat strips is appended. 

Discussion, pages 2019-2021, by Messrs. H. B. Dwight, J. E. Clem 
and L. P. Ferris. a 

A general discussion with particular reference to skin effect of con- 
ductors located within a-c. machinery. 


HARMONICS IN TRANSFORMER MAGNETIZING CURRENTS 
J. F. Peters Vol. xxxiv—1915, pp. 2157-2173 


The cause and effects of higher harmonic currents in magnetizing cur- 
rents of transformers are shown anda hypothetical caseis analyzed. The 
effects with common schemes of connecting transformers are also entered 
into. The reason why third harmonics are not developed in “‘core-type’”’ 
transformers connected star-star. 

Discussion, pages 2174-2182, by Messrs. D. I. Cone, L. P. Ferris, N. S. 
Diamant and J. F. Peters. 

Discussion of certain special cases and factors. 


PHENOMENA ACCOMPANYING TRANSMISSION WITH SOME TYPES OF STAR 
TRANSFORMER CONNECTIONS 
L. N. Robinson Vol. xxxiv—1915, pp. 2183-2191 


This paper points out and explains some even harmonic phenomena 
attending the operation of star-star connected banks of transformers hav- 
ing grounded neutral on the line side only. 


a eT 
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Discussion, pages 2192-2195, by Messrs. H. J. Ryan, H. Stephenson, 
W. A. Hillebrand, J. P. Jollyman, F. F. Brand and L. N. Robinson. 
Remarks for and against the use of grounded neutral and tertiary delta. 


ABNORMAL VOLTAGES IN TRANSFORMERS 

J. Murray Weed Vol. xxxiv—1915, pp. 2197-2232 

The paper deals with the electrical behavior of transformer windings 
when subjected to steep wave fronts and high-frequency wave trains. 
The dependance of the internal voltages produced, upon the distribution 
of capacity with the inductance of the winding, is discussed. An analysis 
is made of the facts and fundamental principles involved which will en- 
able us to insulate for and guard against excessive internal voltages in a 
more scientific manner. 

Discussion, pages 2233-2236, by Messrs. R. W. Sorensen, F. F. Brand 
P. H. Thomas and J. M. Weed. 

A general discussion of methods of eliminating abnormal voltages in 
distribution systems. 


CALCULATION OF SUDDEN SHORT-CIRCUIT PHENOMENA OF ALTERNATORS 
N. S. Diamant Vol. xxxiv—1915, pp. 2237-2273 

The theory and explanation of the electromagnetic phenomena in- 
volved in the sudden short circuit of alternators, as given by Berg and 
Boucherot, is briefly considered. New methods are developed for the ex- 
perimental determination of these quantities. Also new methods are 
given, based on theoretical equations, for the calculation of short circuits 
directly from oscillographic records. 

Data relating to the short circuit of a 45-kv-a. alternator are given; 
also an electrical device, designed by the writer for short circuiting a 
machine at any given po nt of the e. m. f. wave. 

Discussion, pages 2274-2278, by Messrs. F. D. Newbury, C. J. Fech- 
heimer and N. S. Diamant. 

A general discussion of theoretical determinations vs. actual tests of 
short-circuit phenomena. 


THE REPULSION START INDUCTION MOTOR 

James L. Hamilton Vol. xxxiv—1915, pp. 2443-2474 

This paper sets forth the general characteristics of the repulsion start 
induction motor and compares them with similar characteristics of d-c. 
motors and other a-c. motors. It outlines a definite and commercially 
practicable method of studying the electrical design of existing motors 
and of predetermining the design of new or proposed motors. 

Discussion, pages 2475-2482, by Messrs. H. Weichsel, C. A. Weber, 
F. J. Bullivant, M. Brooks and J. L. Hamilton. 

A general discussion of the design methods given by the author. 


SINGLE-PHASE SQUIRREL-CAGE MOTOR WITH LARGE STARTING TORQUE 
AND PHASE CONPENSATION 

Val A. Fynn Vol. xxxiv—1915, pp. 2483-2508 

A description of a new single-phase motor which develops a large start- 

ing torque and operates with unity power factor. It outlines,the manner 

in which the machine was developed, discusses the theory of its operation 
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as well as novel points in its design and gives a number of test results 
obtained with motors of different sizes. 

Discussion, page 2509, by Mr. H. Weichsel. 

A brief description of the working characteristics of the motor. 


THE CALCULATION OF THE LONG DISTANCE TRANSMISSION LINE UNDER 
CONSTANT ALTERNATING VOLTAGE 
G. R. Dean Vol. xxxiv—1915/ pp. 2511-2532 
A mathematical dissertation on the real and imaginary quantities in- 
volved in the general solution of the differential equations which express 
the relations existing between current and voltage at any point of a trans- 
mission line. Special cases and numerical examples are worked out in 
detail. 
No discussion, 


DECOMPOSING MAGNETIC FIELDS INTO THEIR HIGHER HARMONICS 
H. Weichsel ‘ Vol. xxxiv—1915, pp. 2721-2738 

A description of methods of decomposing a magnetic field into its 
higher harmonics by representing the field shapes as geometrical figures 
composed of a number of triangular waves with certain phase displace- 
ments against each other. This avoids in many cases the usual long 
mathematical operations. Equations are deduced for the harmonics of 
various wave shapes based upon Fourier’s equation for a triangular field. 

Discussion, pages 2739-2745, by Messrs. G. R. Dean, J. L. Hamilton, 
N.S. Diamant, L. W. Chubb and H. Weichsel. 

A general discussion of the methods employed by the author in decom- 
posing magnetic fie ds. 


3. UNITS, MEASUREMENTS AND INSTRUMENTS 


ELECTRICAL PORCELAIN 
I. Testing with a High Frequency Oscillator. II. The Problematical Points of Manufac- 
ture. III. Experiences and Experimental Investigations 
E. E. F. Creighton Vol. xxxiv—1915, pp. 465-552 

Part 1 treats of the reasons for using the high-frequency oscillator, its 
great value in the detection of flaws, punctures, etc. A description of the 
apparatus is given. Part 2 shows the principal factors in the manufacture 
of porcelain which affect the final product and are all important in obtain- 
ing a good electrical porcelain. Part 3 contains data on high-frequency 
tests. Methods of examining and determining the homogeneity of porce- 
lain. 

Discussion, pages 553-576, by Messrs. A. O. Austin, C. Field-Frank, 
J. T. Lawson, P. W. Sothman, F. Osgood, L. L. Israel, R. P. Jackson, 
W. H. Jacobi, J. C. Smith, H. J. Ryan and J. S. Lapp. 

Advantages and disadvantages of various methods. Performance data 
of insulators on lines of various voltages. 


FORM FACTOR AND ITS SIGNIFICANCE—I 
Frederick Bedell, assisted by ; 


R. Bown and H. A. Pidgeon ; Vol. xxxiv—1915, pp. 1135-1142 


Significance of form factor in the study of transformer losses. Every 
wave shape has a definite form factor, but the converse is not true. Form 
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factor, therefore, is shown to have no general significance as an indicator 
of wave form or distortion. A general expression for form factor is de- 
rived. 

Discussion incorporated with that of paper by F. M. Mizushi on “An 
Analytical and Graphical Solution for Non-Sinusoidal Alternating 
Currents’’. 


THE PHASE ANGLE OF CURRENT TRANSFORMERS 
C. L. Dawes Vol. xxxiv—1915, pp. 1585-1598 
The determination of the phase angle of current transformers by means 
of a wattmeter and the corrections which must be applied to readings to 
correct unavoidable errors. Results of tests are given and the use of the 
a-c. potentiometer as a check method is described. 


Discussion incorporated with that of paper by Charles Fortescue on 
“The Calibration of Current Transformers by Means of Mutual Induc- 
tance.”’ 


THE CALIBRATION OF CURRENT TRANSFORMERS BY MEANS OF MUTUAL 


INDUCTANCE 
The Measurement of Mutual Inductance and Self-Inductance and Alternating Current 
Resistance 
Charles Fortescue Vol. xxxiv—1915, pp. 1599-1615 


A statement of the reasons for the selection of mutual inductances as a 
means for calibrating current transformers and a description of the design 
and manufacture of the apparatus. Formula used in calculating mutual 
inductances and its limitation is given as well as methods of calibrating 
mutual inductances and of measuring rates and phase-displacements. 
An artificial method of loading transformers under test is proposed. 

Discussion (including that of paper by C. L. Dawes), pages 1616-1626, 
by Messrs. G. A. Campbell, L. W. Chubb, C. H. Sharp, J. R. Craighead, 
C. W. Bates and C. L. Dawes. 

A detailed discussion of general points involved in the paper with 
elaboration of certain points. 


AN INVESTIGATION OF DIELECTRIC LOSSES: WITH THE CATHODE RAY TUBE 
John P. Minton . Vol. xxxiv—1915, pp. 1627-1677 

This paper discusses the theory of the cathode ray tube wattmeter and 
shows how it can be used to determine directly the power factors of in- 
sulations. The development of the cathode ray tube and its auxiliary 
apparatus is discussed. Measurements of dielectric losses, power factors 
and currents for varnished cloth and oil-treated pressboards are given, 
curves plotted and the empirical equations derived from them stated. 
The large and harmful effects of moisture and high temperature are 
clearly shown. 

Discussion, pages 1678-1691, by Messrs. H. W. Fisher, R. W. Atkinson, 
F. W. Peek, Jr., C. L. Fortescue, W. C. Arsem, H. J. Ryan, R. P. Jackson, 
C. L. Dawes, W. I. Middleton, C. H. Sharp, C. W. Dawisnan |e 
Minton. ‘ 

A general discussion of points involved in the paper and a comparison 
of losses in gas, liquid and solid insulations. 
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THE EFFECT OF TRANSIENT VOLTAGES ON DIELECTRICS 
F. W. Peek, Jr. Vol. xxxiv—1915, pp. 1857-1909 

An investigation of the various phenomena affecting the strength of 
dielectrics and means of protecting them from transient voltages. An 
impulse generator from which voltages of any wave front, length of tail, 
etc., can be obtained is described. The strength of air between spheres 
and needles is given aS well as time and voltage required for rupture. 
Transient spark-over and corona voltages for wires, surface spark-over, 
effects of polarity, air density, practical application, etc., are given. 
Transient spark-over voltage and time are recorded for oil and various 
solid dielectrics. : 

Discussion, pages 1910-1920, by Messrs. J. C. Clark, E. E. F. Creighton, 
P. H. Thomas, F. W. Peek, Jr., R. W. Sorensen, F. F. Brand, J. M. Weed 
and H. C. Stephens. 

A general discussion with particular emphasis on spark lag, wet and dry 
spark-over and ionization. 


* 


EXPERIMENTAL RESEARCHES ON SKIN EFFECT IN CONDUCTORS 

A. E. Kennelly, F. W. Laws and P. H. Pierce Vol. xxxiv—1915, pp. 1953-2018 

The results of about one hundred series of tests, each covering a range 
in frequency up to about 5000 cycles per second, on the impedance of 
long loops of parallel conductors of different metals, sizes and cross- 
sectional forms. The measuring apparatus is described. The theory of 
skin effect in solid rods and in indefinitely wide flat strips is appended. 

Discussion, pages 2019-2021, by Messrs. H. B. Dwight, J: E. Clem 
and L. P. Ferris. 

A general discussion with particular reference to skin effect of con- 
ductors located within a-c. machinery. 


CALCULATION OF SUDDEN SHORT-CIRCUIT PHENOMENA OF ALTERNATORS 
N. S. Diamant Vol. xxxiv—1915, pp. 2237-2273 

The theory and explanation of the electromagnetic phenomena involved 
in the sudden short circuit of alternators, as given by Berg and Boucherot, 
is briefly considered. New methods are developed for the experimental 
determination of these quantities. Also new methods are given, based on 
theoretical equations, forthe calculation of short circuits directly from 
oscillographic records. 

Data relating to the short circuit of a 45-kv-a. alternator are given; 
also an electrical device, designed by the writer for short circuiting a 
machine at any given point of the e. m. f. wave. 

Discussion, pages 2274-2278, by Messrs. F. D. Newbury, C. J. Fech- 
heimer and N. S. Diamant. 

A general discussion of theoretical determinations vs. actual tests of 
short-circuit phenomena. 


RATES AND RATE MAKING 
Paul M. Lincoln Vol. xxxiv—1915, pp. 2279-2318 
The necessity of recognizing load factor in rate schedules is emphasized. 
To obtain load factor necessitates the measurement of maximum demand; 
a new maximum demand meter is described which depends upon heat and 
heat storage. The theory of such meters is discussed. A new method of 
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measuring power factor and volt-amperes is disclosed and a method of 
recognizing power factor in the rate for electric service is discussed. 

Discussion, pages 2319-2360, by Messrs. W. McClellan, E. J. Cheney, 
Pabetos mip WieelicbaHaGe stot, ©..1, Hall |B Daylor, Hew Pecks 
H. Goodwin, Jr., W. N. Polakov, T. Jones, A.W. Burke, F. T. Leilich, R. S. 
Hale, E. J. Blake, A. Dow, J. G. De Remer, F. A. Sager, E. P. Roberts, 
R. A. Philip, H. L. Wallau, R. A. Lundquist, J. D. Mortimer, L. R. Lee, 
and P. M. Lincoln. 

A general discussion for and against various methods of rate making. 


THE CALCULATION OF THE LONG DISTANCE TRANSMISSION LINE UNDER 
CONSTANT ALTERNATING VOLTAGE 
G. R. Dean Vol. xxxiv—1915, pp. 2511-2532 
A mathematical dissertation on the real and imaginary quantities 
involved in the general solution of the differential equations which ex- 
press the relations existing between current and voltage at any point of a 
transmission line. Special cases and numerical examples are worked out 
in detail. 
No discussion. 


THE MAGNETIC PROPERTIES OF SOME IRON ALLOYS 
Trygve D. Yensen Vol. xxxiv—1915, pp. 2601-2641 

A description of experiments on various alloys of electrolytic iron 
melted in vacuo with other elements. The author deals briefly with the 
iron-boron and iron-carbon alloys, and presents results obtained with the 
iron-cobalt alloy. The iron-silicon alloy is treated in greater detail and 
most remarkable results are given. 

Discussion, pages 2642-2670, by Messrs. T. Spooner, W. J. Wooldridge, 
J. D. Ball, M. Brooks, M. G. Lloyd, L. T. Robinson, N. W. Storer, C.. W. 
Burrows, R. L. Sanford and T. D. Yensen. 

A discussion of general conditions surrounding the testing of iron alloys 
and of results obtained by the author and other investigators. 


THE EFFECT OF DISPLACED MAGNETIC PULSATIONS ON THE HYSTERESIS 
LOSS OF SHEET STEEL 
L. W. Chubb and Thomas Spooner Vol. xxxiv—1915, pp. 2671-2692 
A study of the constant varying reluctance to which the teeth of re- 
volving electrical apparatus is subjected and the resultant displaced 
hysteresis loops. It is pointed out that the data from these displaced 
hysteresis loops limit the applicability of the Steinmetz formula to sym- 
metrical loops. Recent tests and apparatus used, are described. 
Discussion incorporated with that of paper by John D. Ball on AUN 
Unsymmetrical Hysteresis Loop”’. 


THE UNSYMMETRICAL HYSTERESIS LOOP 
John D. Ball Vol. xxxiv—1915, pp.f2693-2715 
Results and analyses of tests to determine losses in hysteresis loops 
wherein the magnetism is carried through cycles in which limiting values 
of flux are different in amount or the mean values of flux differ from zero. 
Such variations of magnetism occur in inductor generators, in teeth of in- 
duction machines, and in materials magnetized from rectifier circuits. 
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Discussion (including that of paper by L. W. Chubb and Thomas 
Spooner), pages 2716-2720, by. Messrs.. M. G. Lloyd, T. D. Yensen, 
T. Spooner and J. D. Ball. 

A discussion of various methods of measurement and results obtained 
in each. 


EXPERIMENTAL DATA CONCERNING THE SAFE OPERATING TEMPERATURE 
FOR MICA ARMATURE COIL INSULATION 
F. D. Newbury Vol. xxxiv—i915, pp. 2747-2764 

The results of three series of tests made on the first 3750-kv-a. generator 
installed at Niagara Falls, to determine internal copper temperatures. 
The object of the tests was to obtain data to assist in the determination 
of the safe maximum temperature of built-up mica-and-cambric (or mica- 
and-paper) insulation. The operating history of the generator is given. 
Tests show that when suitable mica insulation is used 150 deg. is a con- 
servative limit. 

Discussion, pages 2765-2780, by Messrs. P. Torchio, W. J. Foster, 
B. A. Behrend, H. P. Wood, C. F. Scott, BH. Fy Exben) ©y BR. Skinner, 
J. B. Fisken, P, M. Lincoln, F. W. Peek, T. E. Fowler, W. L. Waters, 
E. W. Stevenson and P. D. Newbury. 

A discussion of the various factors to be considered in the establish- 
ment of a standard limiting temperature for insulation. 


4. INSULATION AND DIELECTRIC PHENOMENA 


COMPARISON OF CALCULATED AND MEASURED CORONA LOSS CURVES 
F. W. Peek, Jr. Vol. xxxiv—1915, pp. 269-276 

Corona loss curves made by various investigators on experimental and 
pract cal lines are compared with others calculated by the quadratic law 
with same conditions as to spacing, diameter altitude, etc. The varia- 
tions of theoretical and practical curves are accounted for and losses 
below visual critical voltage considered. 

Discussion, pages 277-278, by Messrs. J. B. Whitehead, Philip 
Torchio and F. W. Peek, Ae. 

General remarks on variation between theoretical and practical re- 
sults. Difficulty of obtaining readings under practical conditions. 


ELECTRICAL PRECIPITATION 
F. G Cottrell Vol. xxxiv—1915, pp. 387-396 
Historical sketch. 


Discussion, incorporated with that of papers by W. W. Strong A. F. 
Nesbit and Linn Bradley. 


ELECTRICAL PRECIPITATION 
Theory of the Removal of Suspended Matter from Fluids - 

W. W. Strong Vol. xxxiv—1915, pp. 397-404 
Method of calculating the amount of energy to remove suspended matter 
from fluids and relative efficiencies of various methods. The manner of 
distribution of energy of corona discharge and nature of ionization dis- 
cussed. The application of the theory and the limits of usefulness. 

Discussion incorporated with that of papers by Messrs. F. G. Cottrell, 
A. F. Nesbit and Linn Bradley. 
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THE THEORETICAL AND EXPERIMENTAL CONSIDERATION OF ELECTRICAL 
PRECIPITATION 
A. F. Nesbit Vol. xxxiv—1915, pp. 405-420 
Theory of electrical precipitation of suspended matter in gases is in- 
separably connected with the phenomena of ionization and laws of elec- 
trically charged bodies. Demonstration of precipitation in nature and 
the action of ionization, gravitation and the electric field. Data showing 
the superiority of negative corona and relative effectiveness of size and 
shape of electrodes, temperature and conductance of gases, polarity and 
uniformity of corona. 
Discussion incorporated wi h that of papers of Messrs. F. G. Cottrell, 
W. W. Strong and Linn Bradley. 


PRACTICAL APPLICATIONS OF ELECTRICAL PRECIPITATION AND PROGRESS 
OF THE RESEARCH CORPORATION 
Linn Bradley Vol. xxxiv—1915, pp. 421-457 

Technical and finance al progress made by the Research Corporation 
since its organization with detailed description of several installations 
including data on voltages, electrode spacngs, power consumption, etc. 
Mention is made of improvements in apparatus, the tendency toward 
standardization, and the field opening up for application. A selected 
bibliography is included. 

Discussion (including that of papers by F. G. Cottrell, W. W. Strong 
and A. F. Nesbit), pages 458-464, by Messrs. W. S. Franklin Linn 
Bradley, Saul Dushman, Halbert P. Hill, A. F. Nesbit, L. W. Chubb, 
John B. Taylor, J. H. Davis, W. W. Strong and S. M. Kintner. 

Criticisms and approvals of various methods and additional data on 
certain operations. 

ELECTRICAL PORCELAIN 
I. Testing with a High Frequency Oscillator. II. The Problematical Points of Manufac- 
ture. III. Experiences and Experimental Investigations. 
E. E. F. Creighton Vol. xxxiv—i915, pp.465-552 

Part I treats of the reasons for using the high-frequency oscillator, its 
great value in the detection of flaws, punctures, etc. A descr.ption of the 
apparatus is given. Part II shows the principal factors in the manu- 
facture of porcela n which affect the final product and are all important 
in obtaining a good electrical porcelain. Part III contains data on high- 
frequency tests. Methods of examining and determining the homo- 
geneity of porcelain. 

Discussion, pages 553-576, by Messrs. A. O. Austin, C. Field-Frank, 
J. T. Lawson, P. W. Sothman, F. Osgood, L. L. Israel, R. P. Jackson, 
W. H. Jacobi, J. C. Smith, H. J. Ryan and J. S. Lapp. 

Advantages and disadvantages of various methods. Performance 
data of insulators on lines of various voltages. 


CONTINUOUS WAVES IN LONG DISTANCE RADIO TELEGRAPHY 
L. F. Fuller Vol. xxxiv—1915, pp. 809-827 
The theoretical transmission equations for both continuous and damped 
waves are considered with the empirical formulas for the latter. Ability 
to predetermine the probable normal daylight-sending radius of high- 
powered radio stations. Experiments with continuous waves between 
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San Francisco and Honolulu and the empirical formula derived. Curves 
for both day and night conditions are shown. Effects of changes of wave 
lengths upon transmission efficiency are discussed. 

Discussion, pages 828-841, by Messrs. Alfred N. Goldsmith, J. Zenneck 
Lee de Forest, A. J. Hepburn, E. F. W. Alexanderson, G. H. Clark and 
L. F. Fuller. 

Alternators for radio frequencies. The use of the arc as a generator. 
Discussion of ‘‘sunrise effect’, interference, audibility and divergence 
factors. 


THE ELECTRIC STRENGTH OF AIR—VI 
J. B. Whitehead Vol. xxxiv—1915, pp. 1035-1057 
Some of the simpler fundamental experiments on the electrical con- 
ductivity of air are described. The theory of ionization in gases is out- 
lined and Townsend’s proof that the law of corona forming intensity is 
in accord with the theory of ionization by collision is explained. 


Discussion, pages 1058-1066, by Messrs. P. H. Thomas, J. B. Whitehead 
F. W. Peek, Jr., E. E. F. Creighton, H. J. Ryan and L. W. Chubb. 

Discussion of corona formation under various conditions and limita- 
tions. 


THE RELUCTANCE OF SOME IRREGULAR MAGNETIC FIELDS 

John F. H. Douglass Vol. xxxiv—1915, pp. 1067-1125 

Mathematical and experimental methods of determining magnetic 
reluctance are discussed. The electric field of the electric generator is 
analyzed. The reluctance of various other magnetic fields is determined 
by experiment and mathematical computation. All results are put into 
charts and formulas for convenient use. The flux lines of transformers 
and induction motors are shown and the solution of the sine-wave alter- 
nators given. 


Discussion, pages 1126-1134, by Messrs. C. R. Underhill, F. W. Peek, 
Jr, Cy Ar Adams} JD. Balt? Pi MM. Lincoln, P. H. Thomas, L. W. Chubb, 
and F. W. Carter. 

A discussion of various magnetic fields encountered in machine design 
including the solenoid field and the dielectric field. 


FOUR YEARS OPERATING EXPERIENCE ON A HIGH-TENSION TRANSMISSION 
LINE 

A. Bang Vol. xxxiv—1915, pp. 1243-1263 
A careful record of all operating events of the high-tension transmission 

line of the Pennsylvania Water and Power Company’s hydroelectric 

plant at Holtwood, Pa. Certain observations made on lightning flash- 

overs, deterioration of insulators, sleet on cables, and various means 

adopted to prevent disturbances to operation from these causes. 


Discussion (including that of papers by J. A. Walls, J. B. Leeper, W. E. 
Mitchell, P. M. Downing, F. C. Connery), pages 1264-1273, by Messrs. 
R. J. McClelland, A. S. McAllister, E. E. FP. Creighton, E. A. Wik, (C. 
Nicholson, J. B. Leeper and R. Bennett. : 

A general discussion of tower design, causes of failure, deterioration 
and failure of insulators. 
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AN INVESTIGATION OF DIELECTRIC LOSSES WITH THE CATHODE RAY TUBE 
John P. Minton Vol. xxxiv—1915, pp. 1627-1677 


This paper discusses the theory of the cathode ray tube wattmeter and 
shows how it can be used to determine directly the power factors of in- 
sulations. The development of the cathode ray tube and its auxiliary 
apparatus is discussed. Measurements of dielectric losses, power factors 
and currents for varnished cloth and oil-treated pressboards are given, 
curves plotted and the empirical equations derived from them stated. 
The large and harmful effects of moisture and high temperature are 
clearly shown. 

Discussion, pages 1678-1691, by Messrs. H. W. Fisher, R. W. Atkinson, 
F. W. Peek, Jr., C. L. Fortescue, W. C. Arsem, H. J. Ryan, R. P. Jackson 
C. L. Dawes, W. I. Middleton, C. H. Sharp, C. W. Davis and J. P. Minton, 

A general discussion of points involved in the paper and a SSE eD 
of losses in gas, liquid and solid insulations. 


THE EFFECT OF TRANSIENT VOLTAGES ON DIELECTRICS 
F. W. Peek, Jr. Vol. xxxiv—1915, pp. 1857-1909 

An investigation of the various phenomena affecting the strength of 
dielectrics and means of protecting them from transient voltages. An 
impulse generator from which voltages of any wave front, length of tail, 
etc., can be obtained, is described. The strength of air between spheres 
and needles is given as well as time and voltage required for rupture. 
Transient spark-over and corona voltages for wires, surface spark-over, 
effects of polarity, air density, practical application, etc., are given. 
Transient spark-over voltage and time are recorded for oil and various 
so id dielectrics. 

Discussion, pages 1910-1920, by Messrs. J. C. Clark, E. E. F. Creighton, 
P. H. Thomas, F. W. Peek, Jr., R. W. Sorensen, F. F. Brand, J. M. Weed, 
and H. C. Stephens. 

A general discussion with particular emphasis on spark lag, wet and dry 
spark-over and ionization. 


ARC PHENOMENA 

A. G. Collis Vol. xxxiv—1915, pp. 1921-1940 

A study of the arc phenomena accompanying the rupture of circuits 
in oil switches and description of a number of experiments made to de- 
termine the influence of differently shaped arcing contacts upon the 
disturbances following rupture of an a-c. circuit. The use of reactors is 
also considered. 

Discussion, pages 1941-1951, by Messrs. E. B. Merriam, C. Lichten- 
berg, F. W. Harris and W. D. Peaslee. 

A comparison of the experiences of others with those of the author. 


DISCUSSION ON “REPORT BY THE JOINT COMMITTEE ON INDUCTIVE 
INTERFERENCE” 
Vol. xxxiv—1915, pp. 2113-2125 
The factors nvolved in inductive interference and methods of limiting 
or counteracting them with special reference to high frequency, reduction 
of harmonics and forms of line construction and transformer installation. 
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OVERHEAD ELECTROLYSIS AND PORCELAIN STRAIN INSULATORS 

S. L. Foster Vol. xxxiv—1915, pp. 2127-2136 

A description of the leakage of current from trolley wires to earth 
through insulated supports on all e ectrical overhead construction and the 
effect of this leakage on power and guy wires. The proper design of in- 
sulators to prevent this leakage. Electrolytic action caused by use of 
dissimilar metals, sulphuric acid and other fumes. <A description of 
troubles, causes and cures in the San Francisco section. 

Discussion, pages 2137-2140, by Messrs. L. W. Webb, L: Addicks, 
S. L. Foster, J. B. Fisken, J. H. Finney, T. M. Stateler and Paul L. Ost. 

A general discussion of overhead electrolysis. 


EXPERIMENTAL DATA CONCERNING THE SAFE OPERATING TEMPERATURE 
FOR MICA ARMATURE COIL INSULATION 
F. D. Newbury Vol. xxxiv—1915, pp. 2747-2764 


The results of three series of tests made on the first 3750-kv-a. gen- 
erator installed at Niagara Falls, to determ‘ne internal copper tempera- 
tures. The object of the tests was to obtain data to assist in the deter- 
mination of the safe maximum temperature of built-up mica-and-cambric 
(or mica-and-paper) insulation. The operating history of the generator 
is given. Tests show that when suitable mica insulation is used, 150 deg. 
is a conservative limit. 

Discussion, pages 2765-2780, by Messrs. P. Torchio, W. J. Foster, 
B. A. Behrend, H. P. Wood, C. F. Scott, H. F. Erben, C. E. Skinner, 
J. B. Fisken, P. M. Lincoln, F. W. Peek, T. E. Fowler, W. L. Waters, 
E. W. Stevenson and F. D. Newbury. 


A discussion of the various factors to be considered in the establishment: 


of a standard limiting temperature for insulation. 


5. ELECTRIC CONDUCTORS 


THEORETICAL INVESTIGATION OF ELECTRIC TRANSMISSION SYSTEMS 
UNDER SHORT CIRCUIT CONDITIONS 
I. W. Gross Vol. xxxiv—i915, pp. 23-67 

An investigation of the mechanical forces between busbars and the 
phases of three-conductor cables under short-circuit conditions. An 
analytical treatment of heating with typical curves. The effect veness 
of reactors. 

Discussion, pages 68-84, by Messrs. Henry G. Scott, Philip Torchio, 
Cassius M. Davis, H. R. Woodrow, James Lyman, John B. Taylor, 
R. W. Atkinson, Charles L. Fortescue, Hans Lippelt, S. I. Oesterreicher, 
Alfred E. Waller and I. W. Gross. : 

General discussion of the mechanical forces created by short-circuit 
conditions and the resisting forces in cables. The grouping of reactors. 


EFFECT OF MOISTURE IN THE EARTH ON TEMPERATURE OF UNDERGROUND 
CABLES 
L. E. Imlay Vol xxxiv—1915, pp. 233-240 


Description of investigations of temperature of underground cables 
and methods suggested for elimination of hot spots and general lowering 


of temperature below danger point. Statistics and curves of seasonal 
variations in cable temperature. 
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Discussion, pages 241-245, by Messrs. Charles W. Davis, H. W. Fisher, 
W. S. Clark, J. P. Wintringham, C. A. Adams, W. S. Franklin, P. W. 
Sothman and George N. Lemmon. 

Errors liable to occur in determining cable temperatures. European 
practise. 


DISTORTION OF ALTERNATING-CURRENT WAVE CAUSED BY CYCLIC VARIA- 
TION IN RESISTANCE 
Frederick Bedell and E. C. Mayer Vol. xxxiv—1915, pp. 333-342 

Theoretical consideration of the distortion of current wave through 
creation of third harmonics caused by cyclic variation in resistance. Con- 
struction and comparison of curves, involving temperature lead and lag, 
positive and negative temperature co-efficients, etc. 

Discussion, pages 343 348, by Messrs. Clayton H. Sharp, C. Field- 
Frank, L. W. Chubb, Charles R. Underhill, M. G. Lloyd and Frederick 
Bedell. 

General remarks on theory and on actual conditions occurring in an 
incandescent lamp circuit. 


PHYSICAL LIMITATIONS IN D-C. COMMUTATING MACHINERY 

B. G. Lamme Vol. xxxiv—1915, pp. 1739-1794 

The theory of commutation is considered only in its relation to the 
e. m. f’s. generated in the coils short circuited by the brush; the  miting 
e. m. f’s. per commutator bar and per brush are shown to be fixed princi- 
pally by brush contact resistance. F ashing, burning of commutators, 
high mica, picking up of copper, noise vibration and fl ckering of voltage 
are taken up with their various inter-relations. A brief chapter is given 
on design limitations and an appendix covering a method for determining 
maximum capacity of d-c. machines in terms of the short circuit volts 
per commutator bar. 

Discussion, pages 1795-1800, by Messrs. E. H. Martindale, H. IRe 
Summerhayes, Gano Dunn and F. D. Newbury. 

An enlargement of certain details of the paper with special emphasis 
on contact drop. 


EXPERIMENTAL RESEARCHES ON SKIN EFFECT IN CONDUCTORS 

A. E. Kennelly, F. W. Laws and P. H. Pierce Vol. xxxiv—1915, pp. 1953-2018 

The results of about one hundred series of tests, each cover ng a range 
in frequency up to about 5000 cycles per second, on the impedance of 
long loops of parallel conductors of different metals, sizes and cross- 
sectional forms. The measuring apparatus is described. The theory of 
skin effect in solid rods and in indefinitely wide flat strips is appended. 

Discussion, pages 2019-2021, by Messrs. H. B. Dwight, J. E. Clem and 
1 P. Ferris. é 

A general discussion with particular reference to skin effect of con- 
ductors located within a-c. machinery. 


OVERHEAD ELECTROLYSIS AND PORCELAIN STRAIN INSULATORS 
S. L. Foster Vol. xxxiv—1915, pp. 2127-2136 


A description of the leakage of current from trolley wires to earth 
through insulated supports on all electrical overhead construction and 
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the effect of this leakage on power and guy wires. The proper design of 
insulators to prevent this leakage. Electrolytic action caused by use of 
dissimilar metals, sulphuric acid and other fumes. A description of 
troubles, causes and cures in the San Francisco section. 
Discussion, pages 2137-2140, by Messrs. L. W. Webb, L. Addicks, 
S. L. Foster, J. B. Fisken, J. H. Finney, T. M. Stateler and Paul L. Ost. 
A general discussion of overhead electrolysis. 


THE CALCULATION OF THE LONG DISTANCE TRANSMISSION LINE UNDER 
CONSTANT ALTERNATING VOLTAGE 
G. R. Dean Vol. xxxiv—1915, pp. 2511-2532 
A mathematical dissertation on the real and imaginary quantities 
involved in the general solution of the differential equations which express 
the relations existing between current and voltage at any point of a trans- 
mission line. Special cases and numerical examples are worked out in 
detail. 
No discussion. 
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6. MAGNETIC PROPERTIES AND TESTING OF IRON 


THE RELUCTANCE OF SOME IRREGULAR MAGNETIC FIELDS 
John F. H. Douglas Vol. xxxiv—1915, pp. 1067-1125 
Mathematical and experimental methods of determining magnetic 
reluctance are discussed. The electric field of the electric generator is 
analyzed. The reluctance of various other magnetic fields is determined 
by experiment and mathematical computation. All results are put into 
charts and formulas for convenient use. The flux lines of transformers 


and induction motors are shown and the solution of the sine-wave alter-. 


nator given. 

Discussion, pages 1126-1134, by Messrs. C. R. Underhill, F. W. Peek, 
dee As Adams, iE Ds Ball, P. M. Lincoln, P. H. Thomas, L. W. Chubb 
and F. W. Carter. 

A discussion of various magnetic fields encountered in machine design 
including the solenoid field and the dielectric field. 


THE MAGNETIC PROPERTIES OF SOME IRON ALLOYS 
Trygve D. Yensen Vol. xxxiv—1915, pp. 2601-2641 

A description of experiments on various alloys of electrolytic iron 
melted in vacuo with other elements. The author deals briefly with the 
iron-boron and iron-carbon alloys, and presents results obtained with the 
iron-cobalt alloy. The iron-silicon alloy is treated in greater detail and 
most remarkable results are given. 

Discussion, pages 2642-2670, by Messrs. T. Spooner, W. J. Wooldridge, 
J. D. Ball, M. Brooks, M. G. Lloyd, L. T. Robinson, N. W. Storer, C. W. 
Burrows, R. L. Sanford and T. D. Yensen. 

A discussion of general conditions surrounding the testing of iron alloys 
and of results obtained by the author and other investigators. 

THE EFFECT OF DISPLACED MAGNETIC PULSATIONS ON THE HYSTERESIS 


LOSS OF SHEET STEEL 
L. W. Chubb and Thomas Spooner Vol. xxxiv—1915, p. 2671-2692 


A study of the constant varying reluctance to which the teeth of re- | 


volving electrical apparatus is subjected and the resultant displaced 
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hysteresis loops. It is pointed out that the data from these displaced 
hysteresis loops limit the applicability of the Steinmetz formula to sym- 
metrical loops. Recent tests and apparatus used, are described. 

Discussion incorporated with that of paper by John D. Ball on “The 
Unsymmetrical Hysteresis Loop.” 


THE UNSYMMETRICAL HYSTERSIS LOOP 
John D. Ball Vol. xxxiv—1915, pp. 2693-2715 

Results and analyses of tests to determine losses in hysteresis loops 
wherein the magnetism is carried through cycles in which limiting values 
of flux are different in amount or the mean values of flux 
differ from zero. Stch variations of magnetism incur in inductor 
generators, in teeth of induction machines, and in materials magnetized 
from rectifier circuits. 

Discussion (including that of paper by L. W. Chubb and Thomas 
Spooner), pages 2716-2720, by Messrs. M. G. Lloyd, T. D. Yensen, 
T. Spooner and J. D. Ball. 

A discussion of various methods of measurement and results obtained 
in each. 


DECOMPOSING MAGNETIC FIELDS INTO THEIR HIGHER HARMONICS 

H. Weichsel ; Vol. xxxiv—i915, pp. 2721-2738 

A description of methods of decomposing a magnetic field into its 
higher harmonics by representing the field shapes as geometrical figures 
composed of a number of triangular waves with certain phase displace- 
ments against the other. This avoids in many cases the usual long mathe- 
matical operations. Equations are deduced for the harmonics of various 
wave shapes based upon Fourier’s equation for a triangular field. 

Discussion, pages 2739-2745, by Messrs. G. R. Dean, J. L. Hamilton, 
N. S. Diamant, L. W. Chubb and H. Weichsel. 

A general discussion of the methods employed by the author in decom- 
posing magnetic fields. 


8. TRANSFORMERS 


A 100,000-VOLT PORTABLE SUBSTATION 

Charles I. Burkholder and Nicholas Stahl Vol. xxxiv—1915, pp. 279-290 

Detailed description of 4000-kv-a. capacity, easily portable substation, 
self-contained on a single car with dimensions to meet railroad clearances. 
The entire equipment designed for simplicity and dispatch in disassembly 
for transit and in reassembly. Unusual flexibility of voltage connections. 

Discussion, pages 291-292, by Messrs. K. C. Randall, Julian C. Smith, 
L. W. Chubb and Nicholas Stahl. 

Discussion of minor details. 


THE PHASE ANGLE OF CURRENT TRANSFORMERS 
C. L. Dawes Vol. xxxiv—1915, pp. 1585-1598 
The determination of the phase angle of current transformers by means 
of a wattmeter and the corrections which must be applied to readings to 
correct unavoidable errors. Results of tests are given and the use of the 
a-c. potentiometer as a check method is described. 
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Discussion incorporated with that of paper by Charles Fortescue on 
“The Calibration of Current Transformers by Means of Mutual Induc- 
tance.” 


THE CALIBRATION OF CURRENT TRANSFORMERS BY MEANS OF MUTUAL 


INDUCTANCE 
The Measurement of Mutual Inductance and Self-Inductance and Alternating-Current 
Resistance 
Charles Fortescue Vol. xxxiv—1915, pp. 1599-1615 


A’ statement of the reasons for the selection of mutual inductances as 
a means for calibrating current transformers and a description of the 
design and manufacture of the apparatus. Formula used in calculating 
mutual inductances and its limitation is given, as well as methods of cali- 
brating mutual inductances and of measuring rates and phase-displace- 
ments. An artificial method of loading transformers under test is pro- 
posed. 

Discussion (including that of paper by C. L. Dawes), pages 1616-1626, 
by Messrs. G. A. Campbell, L. W. Chubb, C. H. Sharp, J. R. Craighead, 
C. W. Bates and C. L. Dawes. 

A detailed discussion of general points involved in the paper with 
elaboration of certain points. 


DELTA-CROSS CONNECTIONS OF TRANSFORMERS FOR PARALLEL OPERATION 
OF TWO- AND THREE-PHASE SYSTEMS 
George P. Roux Vol. xxxiv—1915, pp. 2141-2152 


Two methods of transformer connections; the tee-cross and delta- 
cross, are described with their application for parallel operation of 2- 
and 3-phase systems, and an explanation given of voltage, current and 
phase relation, and the dephasing action which takes place in each case. 

Discussion, pages 2153-2155, by Messrs. E. E. F. Creighton, W. A. 
Hillebrand, L. F. Blume and G. P. Roux 

General discussion. 
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HARMONICS IN TRANSFORMER MAGNETIZING CURRENTS 

J. F. Peters Vol. xxxiv—1915, pp. 2157-2173 

The cause and effects of higher harmonic currents in magnetizing cur- 
rents of transformers are shown anda hypothetical case is analyzed. The 
effects with common schemes of connecting transformers are also entered 
into. The reason why third harmonics are not developed in “core-type”’ 
transformers connected star star, 

Discussion, pages 2174-2182, by Messrs. D. I. Cone, L. P. Ferris, N.S. 
Diamant and J. F. Peters. 

Discussion of certain special cases and factors. 


PHENOMENA ACCOMPANYING TRANSMISSION WITH SOME TYPES OF STAR 
TRANSFORMER CONNECTIONS 
Vol. xxxiv—1915, pp. 2183-2191 

This paper points out and explains some even harmonic phenomena 
attend ng the operation of star-star connected banks of transformers 
having grounded neutral on the line side only. 

Discussion, pages 2192-2195, by Messrs. H. J. Ryan, H. Stephenson, 
W. A. Hillebrand, J. P. Jollyman, F. F. Brand and L. N. Robinson. 

Remarks for and against the use of grounded neutral and tertiary delta. 


L. N. Robinson 


— 
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ABNORMAL VOLTAGES IN TRANSFORMERS 

J. Murray Weed Vol. xxxiv—1915, pp. 2197-2232 

The paper deals with the electrical behavior of transformer windings 
when subjected to steep wave fronts and high-frequency wave trains. 
The dependance of the internal voltages produced, upon the distribution 
of capacity with the inductance of the winding, is discussed. An analysis 
is made of the facts and fundamental principles involved which will 
enable us to insulate for and guard against excessive internal voltages in 
a more scientific manner. 

Discussion, pages 2233-2236, by Messrs. R. W. Sorensen, F. F. Brand, 
P. H. Thomas and J. M. Weed. 

A general discussion of methods of eliminating abnormal voltages in 
distribution systems. 


9. ELECTRICAL MACHINERY AND APPARATUS 


THE CHARACTERISTICS OF ELECTRIC MOTORS INVOLVED IN THEIR 
APPLICATION 
D. B. Rushmore Vol xxxiv—1915, pp. 169-175 

A description of the growth of motor applications and an outline of the 
characteristics and limitations of motors involved in proper selection and 
application. 

Discussion, pages 176-232, by Messrs. A. C. Lanier, Albert Brunt, 
K. A. Pauly, E. F. W. Alexanderson, C. J. Fechheimer, F. B. Crosby, 
A. E. Averrett, Lee F. Adams and C. A. Adams. 

“The Direct-Current Motor in Industrial Applications”, ‘‘Characteris- 
tics of Direct-Current Motors for Elevator Service’’, ‘“‘Application of Fly- 
wheels to Motors’, ‘“‘A-C. Commutator Motors’’, ‘‘Synchronous Motors 
and Their Characteristics in Connection with Their Application’’, ‘‘Speed 
Regulation”, “Induction Motor Characteristic Curves’, ‘‘Bearings’’, 
“Motor Characteristics’. 


OIL CIRCUIT BREAKERS 
Notes on Arc Phenomena and Tendencies in Design 

K. C. Randall Vol. xxxiv—1915, pp. 247-259 

A brief explanation of some of the arc phenomena in oil circuit breakers 
and description of present tendencies in oil breaker construction and 
practise. A proposed method for rating and specifying breakers. 

Discusston, pages 260-268, by Messrs. W. S. Franklin, Philip Torchio, 
H. R. Summerhayes, P. M. Lincoln, E. B..Merriam, C. Lichtenberg, 
F. W. Harris and K. C. Randall. 

General consideration of the factors involved in construction of suc- 
cessful breakers. 


A 100,000-VOLT PORTABLE SUBSTATION 
Charles I. Burkholder and Nicholas Stahl Vol. xxxiv—1915, pp. 279-290 


Detailed description of 4000-kv-a. capacity, easily portable substation, 
self-contained on a single car with dimensions to meet railroad clearances. 
The entire equipment designed for simplicity and dispatch in disassembly 
for transit and in reassembly. Unusual flexibility of voltage connections. 

Discussion, pages 291-292, by Messrs. K. C. Randall, Julian C. Smith, 
L. W. Chubb and Nicholas Stahl. 

Discussion of minor details, 
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DIMMERS FOR TUNGSTEN LAMPS 
Alfred E. Waller Vol. xxxiv—1915 pp. 349-356 

Consideration of new factors involved in dimmer design through the 
development of the tungsten lamp with its positive temperature co- 
efficient. Comparison of curves obtained with carbon and tungsten 
filaments. Commercial requirements. 

Discussion, pages 357-361, by Messrs. Leonard Kebler, Charles D. 
Knight, John B. Taylor, Comfort A. Adams, W. S. Franklin, H. Ward 
Leonard and Alfred E. Waller. 

Design details. 


SEARCHLIGHTS 
C. S. McDowell Vol. xxxiv—1915, pp. 363-376 


Statement of the great necessity of an improved searchlight with out- 
line constituent parts and desirable features. Method of testing mirrors, 
with figures. Comparison of Navy standard lamps and Beck 44-in. lamp. 

Discussion, pages 377-385, by Messrs. R. B. Chillas, Jr., Karl Georg 
Frank, H. A. Hornor, W. S. Franklin and Clayton H. Sharp. 

Design details and carbon statistics. 


APPLICATION OF ELECTRICITY TO THE ORE HANDLING INDUSTRY 
C. D. Gilpin Vol. xxxiv—1915, pp. 619-637 
The typical method of handling ore from mine to blast furnace, de- 
scribing machinery used in the different steps. The principles of applica- 
tion of motors to the various machines and the types best adapted to the 
work are discussed with the essential points of a power installation. 
Discussion, pages 638-642, by Messrs. D. B. Rushmore, D. M. Petty, 


R. H. McLain, H. D. James, H. F. Stratton, R. R. Selleck and ep 
Lincoln. 


Amplification of details. 


LINE DISTURBANCE CAUSED BY SPECIAL SQUIRREL CAGE AND WOUND- 
ROTOR MOTORS WHEN STARTING ELEVATORS AND HOISTS 

J. C. Lincoln Vol. xxxiv—1915, pp. 643-653 

The author examines the cause of line disturbances in starting hoists 
and elevator motors and compares the performance of wound-rotor and 
squirrel-cage motors. Diagrams show graphically the current required 
for each type of motor to produce a given torque. Methods of control 
for different types also considered. 

Discussion, pages 654-657, by Messrs. H. D. James, H. L. Wallau, 
R. H. McLain and J. C. Lincoln. 

Certain motor characteristics as related to selection of proper size 
and type. 


SOME TROUBLES ENCOUNTERED IN THE OPERATION OF CARBON BRUSHES 
IN DIRECT-CURRENT GENERATORS AND MOTORS 


E. H. Martindale Vol. xxxiv—1915, pp. 659-670 
A brief consideration of troubles which affect the operation of carbon 
brushes grouped under the following divisions; field, armature, commu- 
tator including brush rigging, external electrical and external mechanical. 
Discussion, pages 671-679, by Messrs. D. B. Rushmore, H. R. Edge- 
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comb, R. H. McLain, D. M. Petty, W. C. Kalb, J. H. Lapp, L. P. Crece- 
lius, John P. Mallett, A. M. MacCutcheon and E. H. Martindale. 
Certain details emphasized and amplification of others. 


FRACTIONAL HORSE POWER MOTOR LOAD j 
Bernard Lester Vol. xxxiv—1915, pp. 681-691 

An outline of the increasing use of fractional horse power motors and 
the chief causes for this advance as seen in the perfection of a reliable 
single-phase motor. A description of the design, construction, and opera- 
ting characteristics of the commoner types of single-phase motors illus- 
trated by the use of speed-torque curves. The correct application of 
small motors is emphasized. The author deals particularly with the 
split-phase induction motor and the functions of the centrifugal clutch. 

Discussion, pages 692-694, by Mr. G. H. Garcelon. 

A consideration of the selection of the motor for the best all-around 
service. 

THE FACTORS INVOLVED IN MOTOR APPLICATIONS 
David B. Rushmore Vol. xxxiv—1915, pp. 695-697 — 

A summary of some of the factors involved in motor application. 

Discussion, pages 698-778, by Messrs. A. P. Lewis, C. W. Larson, 
‘C. A. Austrom, W. Baum, H. H. Clark, F. A. Allner, Harold Goodwin, Jr., 
C. R. Weiss, A. M. Dudley, A. E. Averett, H. L. Wallau, C. Fair, R. W. 
Davis, H. R. Johnson, W. C. Yates, R. F. Schuchardt, Eric A. Lof, 
G. H. Jones, N. Currie, Jr., S. D. Sprong and R. M. Wilson. 

A series of discussions on the following subjects: Motor Applications 
_in the Rubber Industry; Friction Drive; Motor Installations from 
Safety and Insurance Viewpoints; Explosion-Proof Apparatus; The 
Influence of Inflammable Mine Gas upon the Design of Motors; Limita- 
tions as to Capacity and Type of Motor which May be Used on a System 
from the Central Station Standpoint; Factors Involved in Motor Appli- 
cations; Link-Belt Silent Chain; The Selection of Motors from the Point 
of View of Frequency, Voltage and Phase, etc.; Individual Versus Group 
Drive; Safety First in Motor Applications; Load Conditions Affecting 
the Selection of Motors; Refrigerating Machinery; Alternating vs. 
Direct Current from the Standpoint of the Central Station. 


INDUSTRIAL CONTROL IN THE FOUNDRY 

R. H. McLain Vol. xxxiv—1915, pp. 843-853 

A description of foundry control devices and the unusual degree of 
precaution necessary to keep out dirt. Enclosed cages, safety devices 
and special crane control. The difference between a-c. and d-c. control. 

Discussion, pages 854-866, by Messrs. H. S. Newlin, T. E. Tynes, 
Max Hartenheim, Brent Wiley, James Farrington, S. C. Coey, Francis - 
J. Burd; C. W: Bartlett, D. B. Rushmore, J. S. O’Donovan, Palmer 
Collins, C. D. Gilpin and R. H. McLain. 

Amplification of points embodied in paper. 


MILL CONTROLLERS 
H. F. Stratton Vol. xxxiv—1915, pp. 867-882 


An investigation of the acceleration of motors used in mill service. 
Important factors influencing the selection of proper gear ratio. Equa- 
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tions are deduced for determining theoretical limitations of speed and 
acceleration. 

Discussion incorporated with that of paper by J. S. Riggs on “Steel 
Mill Controllers from the Operator’s Standpoint.”’ 


STEEL MILL CONTROLLERS FROM THE OPERATORS’ STANDPOINT 

J. S. Riggs Vol. xxxiv—1915, pp. 883-890 

The writer shows that no provision for emergencies can be allowed in 
blooming mill and rolling mill machinery and that it must always stand up 
to service, be as simple and as nearly fool-proof as possible. Advocates 
full-magnetic control. Requirements of different classes of machinery 
tabulated. Expense of duplication reduced by standardization. 

Discussion, pages 891-916, by Messrs. H. F. Stratton, A. G. Pierce, 
D. B. Rushmore, Glenn E. Stoltz, M. A. Whiting, J. A. Albrecht, E. J. 
Murphy, R. H. McLain, K.A. Pauly, J. S. O’Donovan, Jacob F. Motz, 
S. C. Coey, Paul Caldwell, T. E. Tynes, W. T. Snyder, H. D. James, 
Graham Bright, W. H. Markland, Palmer Collins and C. D. Gilpin. 

General discussion of important points embodied in the paper. 


CONTROL OF DIRECT-CURRENT HOISTS IN IRON AND STEEL MILLS 
G. E. Stoltz and W. O. Lum Vol. xxxiv—1915, pp. 917-923 

The control problem discussed is confined entirely to the skip hoist. 
The load on the hoist is analyzed and proper cycle of operations deter- 
mined. The characteristics of the motor and controller are considered 

as a unit. 

Discussion incorporated with that of paper by W. T. Snyder on ‘‘Direct- 

Current Control for Hoisting Equipment in Industrial Plants.” 


DIRECT-CURRENT CONTROL FOR HOISTING EQUIPMENT IN INDUSTRIAL 
: PLANTS 
W. T. Snyder Vol. xxxiv—i915, pp. 925-940 

A consideration of the various factors which must be taken into account 
when selecting a controller for mill machinery. The three different 
types of control as applied to the skip hoist, the high-speed coal hoist 
and the slow-speed ash hoist, and the functions absolutely essential to 
the controller in each case. 

Discussion, pages 941-959, by Messrs. H. D. James, W. C. Kennedy, 
E. H. Martindale, J. H. Albrecht, Paul Caldwell, R. A. Black, John D. 
Wright, T.° E. Tynes, C.°S) Dauler, J. A. Albrecht, Francis J. Burd, 
J. S. O'Donovan, P. M. Lincoln, M. A. Whiting, G. E. Stoltz and W. T. 
Snyder. 

Discussion of contact arcing, series contactors, grids and bridge-motion 
control, etc. 


ALTERNATING-CURRENT CONTROLLERS FOR STEEL MILLS 
Arthur Simon Vol. xxxiv—1915, pp. 961-981 


A consideration of the control problems offered by squirrel-cage and 
wound-rotor induction machines when applied to steel mill service. 
The various types of a-c. controllers in use are described and illustrated 
and the advantages and disadvantages of each type as well as its limiting 
capacities are discussed. A number of typical installations are described. 
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Discussion incorporated with that of paper by Raymond E. Brown on 
“The Alternating-Current Coal Hoist.” 


THE ALTERNATING-CURRENT COAL HOIST 
Raymond E. Brown Vol. xxxiv—1915, pp. 983-990 

A description of an a-c. coal hoist in which dynamic braking is em- 
ployed. Brakes and clutches operated by compressed air. The limiting 
factors in coal hoist control are described with means of securing an 
accurate stop. 

Discussion (including that of paper by A. Simon), pages 991-1010, 
by Messrs. R. E. Brown, M. A. Whiting, J. H. Albrecht, R. H. McLain, 
W. C. Kennedy, C. D. Knight, W. F. Detwiler, W. O. Oschmann, G. 
Bright, C. S. Lankton, W. T. Snyder, E. S. Zuck, G. E. Stoltz, W. O. 
Lum, J. D. Wright, C. D. Gilpin and A. Simon. 

A general discussion of the problems involved with instances of instal- 
lations that have met particular cases successfully. 


FIELDS OF MOTOR APPLICATION 

David B. Rushmore Vol. xxxiv—1915, pp. 1275-1283 

An introduction to a discussion on subject of Fields of Motor Applica- 
tion. An industry is defined from an economic standpoint and list of 
principal industries is given. The investigation of an industry from the 
standpoint of electric motor application is covered. 

Discussion incorporated with that of paper by H. E. Stafford on 
“Plectricity in Grain Elevators.” 


ELECTRICITY IN GRAIN ELEVATORS 
H, E. Stafford Vol. xxxiv—1915, pp. 1285-1301 

The storage capacity of grain at the terminals of Port Arthur and 
Fort William, is shown, together with the rated h.p. capacity of prime 
movers and the power used by different machines. Details of various 
plants and equipments are given and a comparison of steam and electri- 
cally driven plants as regards convenience, maintenance, operation and 
cost. 

Discussion (including that of paper by D. B. Rushmore), pages 1302- 
1348, by Messrs. H. D. James, W. M. Hoen, H. F. Boe, W. C. Yates, 
T. Z. Simpers, E. W. Pilgrim, L. L. Tatum, J. C. Lincoln, J. H. Davis, 
H. W. Rogers, C. A. Kelsey, W. L. Merrill, C. C. Batchelder and R. H. 


Rogers. 
Discussion on ‘The Electric Elevator,’ ‘Individual Motor Drive 
as Used in the Oil Flotation Process,” ‘‘Fractional Horse-Power Motor 


Application,’ ‘‘Printing Presses,” ‘Motor Applications of the Brick 
Manufacturing Industry,” ‘‘Electricityin the Rubber Industry,’ ““Dredges 
and Excavating Machinery,” ‘The Sugar Industry,” ‘‘The Paper Mill 
Industry,” ‘“The Portland Cement Industry,” “The Handling of Freight 
in Terminals.” 


CLASSIFICATION OF ALTERNATING-CURRENT MOTORS 
Val A. Fynn Vol. xxxiv—1915, pp. 1349-13380 


The component field theory is suggested as best suited to the classi- 
fication of a-c. motors. Descriptive names are offered for 44 a-c. motors 
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including the principal forms of single-phase, polyphase, commutator 
and commutatorless. These names are such as to positively identify 
each machine, The author also points out the fact that there is no justi- 
fication whatever of the term ‘‘repulsion”’ in connection with a-c. motors. 

Discussion incorporated with that of paper by F. Creedy on ‘‘The 
Classification of Electromagnetic Machinery”’. 


CLASSIFICATION OF ELECTROMAGNETIC MACHINERY 

F. Creedy Vol. xxxiv—1915, pp. 1391-1415 

A classification of all dynamo electric machinery according to five sets 
of characteristics, as follows: type of field; method of disposal of second- 
ary power; use of commutators; method of magnetization; method of 
connection. 

Discussion (including that of paper by V. A. Fynn), pages 1416-1428, 
by Messrs. A. S. McAllister, H. M. Hobart, C. R. Underhill, C. A. Adams, 
V. A. Fynn, W. C. Korthals Altes and F. Creedy. 


A general discussion of various méthods of classification of electro- 
magnetic machinery. 


PROGRESS IN THE IRON AND STEEL INDUSTRY AND THE ELECTRIC 


FURNACE 


Karl Georg Frank Vol. xxxiv—1915, pp. 1731-1738 


The history and development of the electric furnace and a prophecy 
as to the future development. 
No discussion. 


PHYSICAL LIMITATIONS IN D-c. COMMUTATING MACHINERY 
B. G. Lamme 
The theory of commutation is considered only in its relation to the 
e. m. f’s. generated in the coils short circuited by the brush; the limiting 
e. m. f’s. per commutator bar and per brush are shown to be fixed princi- 
pally by brush contact resistance. Flashing, burning of commutators, 
high mica, picking up of copper, noise, vibration and flickering of voltage 
are taken up with their various inter-relations. A brief chapter is given on 
design limitations and an appendix covering a method for determining 
maximum capacity of d-c. machines in terms of the short-circuit volts 
per commutator bar. ' 
Discussion, pages 1795-1800, by Messrs. E. H. Martindale, H. R. 
Summerhayes, Gano Dunn and F, D. Newbury. 


An enlargement of certain details of the paper with special emphasis 
on contact drop. 


STANDARD MARINE ELECTRICAL INSTALLATIONS 
Vol. xxxiv—1915, pp. 1821-1854 
The requirements of merchant and naval installations are cited in 
brief. The rules of classification societies are reviewed and present prac- 
tise fully discussed. Specific applications to a number of different types 


H. A. Hornor 


of ships, both merchant and naval. are given. The reasons for the applica- ~ 


tion of electric propulsion to a battleship are briefly given. 
Discussion, page 1855, by Messrs. S. H. Blake and J. H. Finney. 
A short general discuss‘on of details. 


Vol. xxxiv—1915, pp. 1739-1794 — 
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ARC PHENOMENA 

A. G. Collis Vol. xxxiv—1915, pp. 1921-1940 

A study of the arc phenomena accompanying the rupture of circuits 
in oil switches and description of a number of experiments made to de- 
termine the influence of differently shaped arcing contacts upon the 
disturbances following rupture of an a-c. circuit. The use of reactors is 
also considered. 

Discussion, pages 1941-1951, by Messrs. E. B. Merriam, C. Lichten- 
berg, F. W. Harris and W. D. Peaslee. 

A comparison of the experiences of others with those of the author. 


CALCULATION OF SUDDEN SHORT-CIRCUIT PHENOMENA OF ALTERNATORS 
N. S. Diamant Vol. xxxiv—1915, pp. 2237-2273 

The theory and explanation of the electromagnetic phenomena in- 
volved in the sudden short circuit of alternators, as given by Berg and 
Boucherot, is briefly considered. New methods are developed for the 
experimental determination of these quantities. Also new methods are 
given, based on theoretical equations, for the calculation of short circuits 
directly from oscillographic records. 

Data relating to the short circuit of a 45-kv-a. alternator are given; 
also an electrical device, designed by the writer for short circuiting a 
machine at any given point of the e. m. f. wave. 

Discussion, pages 2274-2278, by Messrs. F. D. Newbury, C. J. Fech- 
heimer and N. S. Diamant. 

A general discussion of theoretical determinations vs. actual test of 
short-circuit phenomena. 


CONSTRUCTION ELEMENTS OF THE TALLULAH FALLS DEVELOPMENT 
Charles G. Adsit and W. P. Hammond Vol. xxxiv—1915, pp. 2389-2438 

A very complete description of the Tallulah Falls hydroelectric de- 
velopment, one of the highest head water power plants in the world. 
Unit costs of the various items of construction are given. 

Discussion, pages 2439-2442, by Messrs. A. J. Porskievies, A. S. Loiz- 
eaux, C. G. Adsit, C. O. Lens, Mr. Biglow, G. A. Hoadley, H. Pender, 
R. B. Owens and L. Jorgensen. 

A general discussion of the details and unit costs of construction. 


THE REPULSION START INDUCTION MOTOR 

James L. Hamilton Vol. xxxiv—1915, pp. 2443-2474 

This paper sets forth the general characteristics of the repulsion start 
induction motor and compares them with similar characteristies of d-c. 
motors and other a-c. motors. It outlines a definite and commercially 
practicable method of studying the electrical design of existing motors 
and of predetermining the design of new or proposed motors. 

Discussion, pages 2475-2482, by Messrs. H. Weichsel, C. A. Weber, 
F. J. Bullivant, M. Brooks and J. L. Hamilton. 

A general discussion of the design methods given by the author. 


SINGLE-PHASE SQUIRREL-CAGE MOTOR WITH LARGE STARTING TORQUE 
AND PHASE COMPENSATION 

Val. A. Fynn Vol. xxxiv—1915, pp. 2483-2508 

A description of a new single-phase motor which develops a large start- 

ing torque and operates with unity power factor. It outlines the manner 
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in which the machine was developed, discusses the theory of its operation 
as well as novel points in its design and gives a number of test results 
obtained with motors of different sizes. 

Discussion, page 2509, by Mr. H. Weichsel. 

A brief description of the working characteristics of the motor. 


EXPERIMENTAL DATA CONCERNING THE SAFE OPERATING TEMPERATURE 
FOR MICA ARMATURE COIL INSULATION 

F. D. Newbury Vol. xxxiv—1915, pp. 2747-2764 

The results of three series of tests made on the first 3750-kv-a. generator 
installed at Niagara Falls, to determine internal copper temperatures, 
The object of the tests was to obtain data to assist in the determination 
of the safe maximum temperature of built-up mica-and-cambric (or mica- 
and-paper) insulation. The operating history of the generator is given. 
Tests show that when suitable mica insulation is used 150 deg. is a con- 
servative limit. 

Discussion, pages 2765-2780, by Messrs. P. Torchio, W. J. Foster, 
B. A. Behrend, H. P. Wood, C..F. Scott, H. F. Erben, C. E. Skinner, 

pee Be EMsien-s sais Lincoln, F. W. Peek, T. E. Fowler, W. L. Waters, 

E. W. Stevenson and F. D. Newbury. 

A discussion of the various factors to be considered in the establishment 
of a standard limiting temperature for insulation. 


THE PRINCIPLES AND SYSTEMS OF ELECTRIC MOTOR CONTROL 
C. D. Knight Vol. xxxiv—1915, pp. 2781-2792 


A description of several types of resistance and explanation of the 


various forms of magnetic control in vogue to-day for both d-c. and a-c. 


motors. The characteristics embodied in contactor or magnetic switch 
design. 

Discussion, pages 2793-2806, by Messrs. B. Jones, E. J. Murphy, W. I. 
Slichter, F. B. Crocker, J. H. Albrecht, H. F. Stratton, M..D. Goodman, 
F. W. Gay and C. D. Knight. 

A discussion for and against types of control advocated by the author 


and an appeal for greater care in selection of motors and controllers in 
building equipment. 


11. CENTRAL STATIONS 


THE COMBINED OPERATION OF STEAM AND HYDRAULIC POWER IN THE 
PENNSYLVANIA WATER AND POWER COMPANY SYSTEM 
John Abbet Walls Vol. xxxiv—1915, pp. 2361-2368 
The experience of a large hydroelectric development on an erratic river, 
in endeavoring to accomplish most effective combined steam and hydro- 
electric operation. A plea is made for drawing up power contracts to 
encourage effective combined operation of hydroelectric plant with 
customers’ existing steam equipment. 
Discussion incorporated with that of paper by J. F. Vaughan on “‘Sup- 
plemental Power for Hydroelectric Systems’’. 


SUPPLEMENTAL POWER FOR HYDROELECTRIC SYSTEMS 
J. F. Vaughan Vol. xxxiv—1915, pp. 2369-2381 
An outline of the functions of a steam plant furnishing relay and sup- 
plemental power for a system whose normal source of power is water, 
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Diagrams illustrate in a hypothetical case the division of load between 
the hydraulic and supplemental sources of power. 

The paper also discusses some general data obtained from a number of 
New England water power systems. 

Discussion (including that of paper by J. A. Walls), pages 2382-2388, by 
Messrs. A. 8. Loizeaux, Mr. Birkhinhine and J. F. Vaughan. 

A general discussion of the limiting factors in water power development. 


CONSTRUCTION ELEMENTS OF THE TALLULAH FALLS DEVELOPMENT 
Charles G. Adsit and W. P. Hammond Vol. xxxiv—1915, pp. 2389-2438 

A very complete description of the Tallulah Falls hydroelectric de- 
velopment, one of the highest head water power plants in the world. 
Unit costs of the various items of construction are given. 

Discusston, pages 2439-2442, by Messrs. A. J. Porskievies, A. S. Loiz- 
eaux, C. G. Adsit, C. O. Lens, Mr. Biglow, G. A. Hoadley, H. Pender, 
R. B. Owens and L. Jorgensen. 

A general discussion of the details and unit costs of construction. 


12. PARALLEL OPERATION 


DELTA-CROSS CONNECTIONS OF TRANSFORMERS FOR PARALLEL OPERATION 
OF TWO- AND THREE-PHASE SYSTEMS 
George P, Roux Vol. xxxiv—1915, pp. 2141-2152 
Two methods of transformer connections; the tee-cross and delta- 
cross, are described with their application for parallel operation of 2- and 
3-phase systems, and an explanation given of voltage, current and phase 
relation, and the dephasing action which takes place in each case. 
Discussion, pages 2153-2155, by Messrs. E. E. F. Creighton, W. A. 
Hillebrand, L. F. Blume and G. P. Roux. 
General discussion. 


13. TRANSMISSION LINES 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER ERECTION—1I 
J. A. Walls Vol. xxxiv—1915, pp. 1201-1212 
Notes on investigation of types of foundations, digging holes for foun- 
dations, concreting foundations and erecting towers. 
Discussion incorporated with that of paper by A. Bang on ‘‘Four Years 
Operating Experience on a High-Tension Transmission Line.” 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER ERECTION--II 
J. B. Leeper Vol. xxxiv—1915, pp. 1213-1219 
The importance of properly designed tower anchors so that maximum 
strength of tower may be obtained with most economical outlay. In- 
stances of loss where this has, been overlooked. 
Discussion incorporated with that of paper by A. Bang on ‘Four Years 
Operating Experience on a High-Tension Transmission Line.” 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER ERECTION--III 
W. E. Mitchell Vol. xxxiv—1915, pp. 1221-1226 


The development of the type of all-steel tower footing used by the 
Alabama Power Company for their 110,000-volt transmission lines is 
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outlined with a summary of conditions influencing the designs finally 
arrived at. 

Discussion incorporated with that of paper by A. Bang on ‘‘Four Years 
Operating Experience on a High-Tension Transmission Line.” 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER 
ERECTION—IV 

P. M. Downing Vol. xxxiv—1915, pp. 1227-1231 

The weakest link of a transmission system is the line. Towers are 
strongly advocated for trunk lines and conditions to be met in design are 
given. The use of concrete footings is recommended. 

Discussion incorporated with that of paper by A. Bang on ‘‘Four Years 
Operating Experience on a High-Tension Transmission Line.” 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER ERECTION—V 
F. C. Connery Vol. xxxiv—1915, pp. 1233-1241 


A brief explanation is presented of the types of towers, tower founda- 
tions, etc., along with details of field practise used in connection with two 
lines of towers carrying six 190,000-cir. mil, seven-strand copper conductors 
between Niagara Falls and Toronto. The question of dispensing with 
massive concrete foundations for towers is dealt with. 

Discussion incorporated with that of paper by A. Bang on ‘‘Four Years 
Operating Experience on a High-Tension Transmission Line.” 


FOUR YEARS OPERATING EXPERIENCE ON A HIGH-TENSION TRANSMISSION 


LINE 
A. Bang 


A careful record of all operating events of the high-tension transmission 
line of the Pennsylvania Water and Power Company's hydroelectric 
plant at Holtwood, Pa. Certain observations made on lightning flash- 
overs, deterioration of insulators, sleet on cables, and various means 
adopted to prevent disturbances to operation from these causes. 


Discussion (including that of papers by J. A. Walls, J. B. Leeper, W. E. 
Mitchell, P. M. Downing, F. C. Connery), pages 1264-1273, by Messrs. 
R. J. McClelland, A. S. McAllister, E. E. P. Creighton, E. A. Lof, L. C. 
Nicholson, J. B. Leeper and R. Bennett. 


A general discussion of tower design, causes of failure, deterioration 
and failure of insulators. 


OVERHEAD ELECTROLYSIS AND PORCELAIN STRAIN INSULATORS 
S. L. Foster Vol. xxxiv—1915, pp. 2127-2136 


A description of the leakage of current from trolley wires to earth 
through insulated supports on all electrical overhead construction and 
the effect of this leakage on power and guy wires. The proper design of 
insulators to prevent this leakage. Electrolytic action caused by use of 
dissimilar metals, sulphuric acid ‘and other fumes. A description of 
troubles, causes and cures in the San Francisco section. 


Discussion, pages 2137-2140, by Messrs. L. W. Webb, L. Addicks, 


S. L. Foster, J. B. Fisken, J. H. Finney, T. M. Stateler and Paul L. Ost. 
A general discussion of overhead electrolysis. 


Vol. xxxiv—1915, pp. 1243-1263 F 
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PHENOMENA ACCOMPANYING TRANSMISSION WITH SOME TYPES OF STAR 
TRANSFORMER CONNECTIONS 


L. N. Robinson : Vol, xxxiv—1915, pp. 2183-2191 


This paper points out and explains some even harmonic phenomena 
attending the operation of star-star connected banks of transformers 
having grounded neutral on the line side only. 


Discussion, pages 2192-2195, by Messrs. H. J. Ryan, H. Stephenson, 
W. A. Hillebrand, J. P. Jollyman, F. F. Brand and L. N. Robinson. 
Remarks for and against the use of grounded neutral and tertiary delta. 


THE CALCULATION OF THE LONG DISTANCE TRANSMISSION LINE UNDER 
CONSTANT ALTERNATING VOLTAGE ‘ 
G. R. Dean Vol. xxxiv—1915, pp. 2511-2532 
A mathematical dissertation on the real and imaginary quantities in- 
volved in the general solution of the differential equations which express 
the relations existing between current and voltage at any point of a trans- 
mission line. Special cases and numerical examples are worked out in 
detail. 
No discussion. 


14. ELECTRIC SERVICE DISTURBANCES AND 
PROTECTION. 


THEORETICAL INVESTIGATION OF ELECTRIC TRANSMISSION SYSTEMS 
UNDER SHORT-CIRCUIT CONDITIONS 


I. W. Gross Vol. xxxiv—1915, pp. 23-67 


An investigation of the mechanical forces between busbars and the 
phases of three-conductor cables under short-circuit conditions. An 
analytical treatment of heating with typical curves. The effectiveness 
of reactors. 

Discussion, pages 68-84, by Messrs. Henry G. Stott. Philip Torchio, 
Cassius M. Davis, H. R. Woodrow, James Lyman, John B. Taylor, 
R. W. Atkinson, Charles L. Fortescue, Hans Lippelt, S. I. Oesterreicher, 
Alfred E. Waller and I. W. Gross. 

General discussion of the mechanical forces created by short-circuit 
conditions and the resisting forces in cables. The grouping of reactors. 


EFFECT OF MOISTURE IN THE EARTH ON TEMPERATURE OF UNDERGROUND 
CABLES 
L. E. Imlay Vol. xxxiv—1915, pp. 233-240 


Descriptions of investigations of temperature of underground cables 
and methods suggested for elimination of hot spots and general lowering 
of temperature below danger point. Statistics and curves of seasonal 
variations in cable temperature. 

Discussion, pages 241-245, by Messrs. Charles W. Davis, H. W. Fisher, 
W. S. Clark, J. P. Wintringham, C. A. Adams, W. S. Franklin, P. W. 
Sothman and George N. Lemmon. 

Errors liable to occur in determining cable temperatures. European 
practise. 
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OIL CIRCUIT BREAKERS 
Notes on Arc Phenomena and Tendencies in Design 

K. C. Randall Vol. xxxiv—1915, pp. 247-259 

A brief explanation of some of the arc phenomena in oil circuit breakers 
and description of present tendencies in oil breaker construction and 
practise. A proposed method for rating and specifying breakers. 

Discussion, Pages 260-268, by Messrs. W. S. Franklin, Philip Torchio, 
H. R. Summerhayes, P. M. Lincoln, E. B. Merriam, C. Lichtenberg, 
F. W. Harris and K. C. Randall. 

General consideration of the factors involved in construction of suc- 
cessful breakers. 


COMPARISON OF CALCULATED AND MEASURED CORONA LOSS CURVES 
F. W. Peek, Jr. Vol. xxxiv—1915, pp. 269-276 

Corona loss curves made by various investigators on experimental 
and practical lines are compared with others calculated by the quadratic 
law with same conditions as to spacing, diameter, altitude, etc. The 
variations of theoretical and practical curves aresaccounted for and losses 
below visual critical voltage considered. 

Discussion, pages 277-278, by Messrs. J. B. Whitehead, Philip Torchio 
and F. W. Peek, Jr. 

General remarks on variation between theoretical and practical results. 
Difficulty of obtaining readings under practical conditions. 


DISTORTION OF ALTERNATING-CURRENT WAVE CAUSED BY CYCLIC VARIA- 
TION IN RESISTANCE 
Frederick Bedell and E. C. Mayer Vol. xxxiv—1915, pp. 333-342 


Theoretical consideration of the distortion of current wave through ~ 


creation of third harmonics caused by cyclic variation in resistance. 
Construction and comparison of curves, involving temperature lead and 
lag, positive and negative temperature coefficients, etc. 

Discussion, pages 343-348, by Messrs. Clayton H. Sharp, C. Field- 
Frank, L. W. Chubb, Charles R. Underhill, M. G. Lloyd and Frederick 
Bedell. 

General remarks on theory and on actual conditions occurring‘in an 
incandescent lamp circuit. 


ELECTRICAL PORCELAIN 
I. Testing with a High-Frequency Oscillator. II. The Problematical Points of Manufac- 
ture. III. Experiences and Experimental Investigation 
E. E. F. Creighton Vol. xxxiv—1915, pp. 465-552 

Part I treats of the reasons for using the high-frequency oscillator, 
its great value in the detection of flaws, punctures, etc. A description 
of the apparatus is given. Part II shows the principal factors in the manu- 
facture of porcelain which affect the final product and are all important 
in obtaining a good electrical porcelain. Part III contains data on high- 
frequency tests. Methods of examining and determining the homo- 
geneity of porcelain. 

Discussion, pages 553-576, by Messrs. A. O. Austin, C. Field-Frank, 
J. T. Lawson, P. W. Sothman, F. Osgood, L. L. Israel, R. P. Jackson, 
W. H. Jacobi, J. C. Smith, H. J. Ryan and J. S. Lapp. 

Advantages and disadvantages of various methods. Performance 
data of insulators on lines of various voltages, 
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LINE DISTURBANCE CAUSED BY SPECIAL SQUIRREL-CAGE AND WOUND- 
ROTOR MOTORS WHEN STARTING ELEVATORS AND HOISTS 
J. C. Lincoln Vol. xxxiv—1915, pp. 643-653 


The author examines the cause of line disturbances in starting hoists 
and elevator motors and compares the performance of wound-rotor and 
squirrel-cage motors. Diagrams show graphically the current required 
for each type of motor to produce a given torque. Methods of control 
for different types also considered. 

Discussion, pages 654-657, by. Messrs. H. D. James, H. L. Wallau, 
R. H. McLain and J. C. Lincoln. 

Certain motor characteristics as related to selection of proper size and 
type. 


THE FACTORS INVOLVED IN MOTOR APPLICATIONS 
David B. Rushmore Vol. xxxiv—1915, pp. 695-697 


A summary of some of the factors involved in motor application. 

Discussion, pages 698-778, by Messrs. A. P. Lewis, C. W. Larson, 
C. A. Austrom, W. Baum, H. H. Clark, F. A. Allner, Harold Goodwin, 
Jr., C. R. Weiss, A. M. Dudley, A. E. Averrett, H. L. Wallau, C. Fair, 
R. W. Davis, H. R. Johnson, W. C. Yates, R. F. Schuchardt, Eric A. Lof, 
G. H. Jones, N. Currie, Jr., S. D. Sprong and R. M. Wilson. 

A series of discussions on the following subjects: Motor Applications 
in the Rubber Industry; Friction Drive; Motor Installations from 
Safety and Insurance Viewpoints; Explosion-Proof Apparatus; The 
Influence of Inflammable Mine Gas upon the Design of Motors; Limita- 
tions as to Capacity and Type of Motor which may be Used on a System 
from the Central Station Standpoint; Factors Involved in Motor Appli- 
cations; Link-Belt Silent Chain; The Selection of Motors from the Point 
of View of Frequency, Voltage and Phase, etc.; Individual Versus 
Group Drive; Safety First. in Motor Applications; Load Conditions 
Affecting the Selection of Motors; Refrigerating Machinery; Alternating 
vs. Direct Current from the Standpoint of the Central Station. 


DISTORTION FACTORS—II 

Frederick Bedell, assisted by 
R. Bown and C. L. Swisher Vol. xxxiv—1915, pp. 1143-1157 

The significance and usefulness of deviation, peak factor, harmonic 
factor, curve factor and differential and integral distortion factor. A 
possible factor combining the differential and integral factors is suggested. 
Variation of the different factors with phase, amplitude and frequency 
is given. 

Discussion incorporated with that of paper by F. M. Mizushi on 
“An Analytical and Graphical Solution for Non-Sinusoidal Alternating 


’ Currents.” 


FOUR YEARS OPERATING EXPERIENCE ON A HIGH-TENSION TRANSMISSION 
‘ LINE 

A. Bang Vol. xxxiv—1915, pp. 1243-1263 

A careful record of all operating events of the high-tension transmission 

line of the Pennsylvania Water and Power Company’s hydroelectric 

plant at Holtwood, Pa. Certain observations made on lightning flash- 
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overs, deterioration of insulators, sleet on cables, and various means 
adopted to prevent disturbances to operation from these causes. 

Discussion (including that of papers by J. A. Walls, J. B. Leeper, W. E. 
Mitchell, P. M. Downing, F. C. Connery), pages 1264-1273, by Messrs. 
R, J. McClelland, A. S. McAllister, E. E. F. Creighton, E. A. Lof, L. C. 
Nicholson, J. B. Leeper and R. Bennett. 

A general discussion of tower design, causes of failure, deterioration 
and failure of insulators. 


PHYSICAL LIMITATIONS IN D-C. COMMUTATING MACHINERY 

B. G. Lamme Vol. xxxiv—1915, pp. 1739-1794 

The theory of commutation is considered only in its relation to the 
e, m. f’s. generated in the coils short circuited by the brush; the limiting 
e. m. f’s. per commutator bar and per brush are shown to be fixed princi- 
pally by brush contact resistance. Flashing, burning of commutators, 
high mica, picking up of copper, noise, vibration and flickering of voltage 
are taken up with their various inter-relations. A brief chapter is given 
on design limitations and an appendix covering a method for determining 
maximum capacity of d-c. machines in terms of the short-circuit volts 
per commutator bar. 

Discussion, pages 1795-1800, by Messrs. E. H. Martindale, H. R. 
Summerhayes, Gano Dunn and F. D. Newbury. 5 

An enlargement of certain details of the paper with special emphasis 
on contact drop. 


THE EFFECT OF TRANSIENT VOLTAGES ON DIELECTRICS 


F. W. Peek, Jr. Vol. xxxiv—1915, pp. 1857-1909 | 


An investigation of the various phenomena affecting the strength of 
dielectrics and means of protecting them from transient voltages. An 
impulse generator from which voltages of any wave front, length of tail, 
etc., can be obtained is described. The strength of air between spheres 
and needles is given as well as time and voltage required for rupture. 
Transient spark-over and corona voltages for wires, surface spark-over, 
effects of polarity, air density, practical application, etc., are given. 
Transient spark-over voltage and time are recorded for oil and various 
solid dielectrics. 

Discussion, pages 1910-1920, by Messrs. J. C. Clark, E. E.F. Creighton, 
P. H. Thomas, F. W. Peek, Jr., R. W. Sorensen, F. F. Brand, J. M. Weed 
and H. C. Stephens. 


A general discussion with particular emphasis on spark lag, wet and 
dry spark-over and ionization. 


ARC PHENOMENA 
A. G. Collis 


A study of the arc phenomena accompanying the rupture of circuits 
in oil switches and description of*a number of experiments made to de- 
termine the influence of differently shaped arcing contacts upon the dis- 
turbances following rupture of an a-c. circuit. The use of reactors is also 
considered. 

Discussion, pages 1941-1951, by Messrs. E. B. Merriam, C. Lichten- 
berg, F. W. Harris and W. D, Peaslee. 

A comparison of the experiences of others with those of the author. 


Vol. xxxiv—1i915, pp. 1921-1940 
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DISCUSSION ON “REPORT BY THE JOINT COMMITTEE ON INDUCTIVE 
INTERFERENCE” 
‘Vo. xxxiv—1915, pp. 2113-2125 
The factors involved in inductive interference and methods of limiting 
or counteracting them with special reference to high frequency, reduction 
of harmonics and forms of line construction and transformer installation. 


OVERHEAD ELECTROLYSIS AND PORCELAIN STRAIN INSULATORS 
S. L. Foster Vol. xxxiv—1915, pp. 2127-2136 

A description of the leakage of current from trolley wires to earth 
through insulated supports on all electrical overhead construction and 
the effect of this leakage on power and guy wires. The proper design of 
insulators to prevent this leakage. Electrolytic action caused by use of 
dissimilar metals, sulphuric acid and other fumes. A description of 
troubles, causes and cures in the San Francisco section. 

Discussion, pages 2137-2140, by Messrs. L. W. Webb, L. Addicks, 
8. L. Foster, J. B. Fisken, J. H. Finney, T. H. Stateler and Paul L. Ost. 

A general discussion of overhead electrolysis. 


HARMONICS IN TRANSFORMER MAGNETIZING CURRENTS 

J. F. Peters Vol. xxxiv—1915, pp. 2157-2173 

The cause and effects of higher harmonic currents in magnetizing cur- 
rents of transformers are shown and a hypothetical case is analyzed. The 
effects with common schemes of connecting transformers are also entered 
into. The reason why third harmonics are not developed in ‘‘core-type”’ 
transformers connected star-star. 

Discussion, pages 2174-2182, by Messrs. D. I. Cone, L. P. Ferris, N.S. 
Diamant and J. F. Peters. 

Discussion of certain special cases and factors. 


PHENOMENA ACCOMPANYING TRANSMISSION WITH SOME TYPES OF STAR 
TRANSFORMER CONNECTIONS 
L. N. Robinson Vol. xxxiv—1915, pp. 2183-2191 
This paper points out and explains some even harmonic phenomena 
attending the operation of star-star connected banks of transformers hav- 
ing grounded neutral on the line side only. 
Discussion, pages 2192-2195, by Messrs. H. J. Ryan, H. Stephenson, 
W. A. Hillebrand, J. P. Jollyman, F. F. Brand and L. N. Robinson. 
Remarks for and against the use of grounded neutral and tertiary delta. 


ABNORMAL VOLTAGES IN TRANSFORMERS 

J. Murray Weed Vol. xxxiv—1915, pp. 2197-2232 

The paper deals with the electrical behavior of transformer windings 
when subjected to steep wave fronts and high-frequency wave trains. 
The dependance of the internal voltages produced, upon the distribution 
of capacity with the inductance of the winding, is discussed. An analysis 
is made of the facts and fundamental principles involved which will 
enable us to insulate for and guard against excessive internal voltages in 
a more scientific manner. 

Discussion, pages 2233-2236, by Messrs. R. W. Sorensen, F. F. Brand, - 
P. H. Thomas and J. M. Weed. 

A general discussion of methods of eliminating abnormal voltages in 
distribution systems. 
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CALCULATION OF SUDDEN SHORT-CIRCUIT PHENOMENA OF ALTERNATORS 
N. S. Diamant Vol. xxxiv—1915, pp. 2237-2273 

The theory and explanation of the electromagnetic phenomena in- 
volved in the sudden short circuit of alternators, as g ven by Berg and 
Boucherot, is briefly considered. New methods are developed for the 
experimental determination of these quantities. Also new methods are 
given, based on theoretical equations, for the calculation of short circuits 
directly from oscillographic records. 

Data relating to the short circuit of a 45-kv-a. alternator are given; 
also an electrical device, designed by the writer for short circuiting a 
machine at any given point of the e. m. f. wave. 


Discussion, pages 2274-2278, by Messrs. F. D. Newbury, C. J. Fech- 
heimer and N. S. Diamant. 

A general discussion of theoretical determination vs. actual tests of 
short-circuit phenomena. 


16. CONTROL, REGULATION AND SWITCHING 


OIL CIRCUIT BREAKERS 
Notes on Arc Phenomena and Tendencies in Design 
K, C. Randall Vol. xxxiv—1915, pp. 247-259 
A brief explanation of some of the arc phenomena in oil circuit breakers 
and description of present tendencies in oil breaker construction and 
practise. A proposed method for rating and specifying breakers. 


Discussion, pages 260-268, by Messrs. W. S. Franklin, Philip Torchio, 
H. R. Summerhayes, P. M. Lincoln, E. B. Merriam, C. Lichtenberg, — 
F. W. Harris and K. C. Randall. 

General consideration of the factors involved in construction of suc- 
cessful breakers. 


A 100,000-VOLT PORTABLE SUBSTATION 

Charles I. Burkholder and Nicholas Stahl Vol. xxxiv—1915, pp. 279-290 

Detailed description of 4000-kv-a. capacity, easily portable substation, 
self-contained on a single car with dimensions to meet railroad clearances. 
The entire equipment designed for simplicity and dispatch in disassembly 
for transit and in reassembly. Unusual flexibility of voltage connections. 

Discussion, pages 291-292, by Messrs: K. C. Randall, Julian C. Smith, 
L. W. Chubb and Nicholas Stahl. 

Discussion of minor details. 


DIMMERS FOR TUNGSTEN LAMPS 
Alfred E. Waller Vol. xxxiv—1915, pp. 349-356 

Consideration of new factors involved in dimmer design through the 
development of the tungsten lamp with its positive temperature co- 
efficient. Comparison of curves obtained with carbon and tungsten 
filaments. Commercial requirements. 

Discussion, pages 357-361, by Messrs. Leonard Kebler, Charles D. 
Knight, John B. Taylor, Comfort A. Adams, W. S. Franklin, H. Ward 
Leonard and Alfred E. Waller. 

Design details. 
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INDUSTRIAL CONTROL IN THE FOUNDRY 
R. H. McLain Vol. xxxiv—1915, pp. 843-853 


A description of foundry control devices and the unusual degree of 
precaution necessary to keep out dirt. Enclosed cages, safety devices and 
special crane control. The difference between a-c. and d-c. control. 

Discussion, pages 854-866, by Messrs. H. S. Newlin, T. E. Tynes, Max 
Hartenheim, Brent Wiley, James Farrington, S. C. Coey, Francis J. Burd, 
C. W. Bartlett, D. B. Rushmore, J. S. O’Donovan, Palmer Colhinss3C. Di 
Gilpin and R. H. McLain. 

Amplification of points embodied in paper. 


MILL CONTROLLERS 

H. F. Stratton Vol. xxxiv—1915, pp. 867-882 

An investigation of the acceleration of motors used in mill service. 
Important factors influencing the selection of proper gear ratio. Equa- 
tions are deduced for determining theoretical limitations of speed and 
acceleration. 

Discussion incorporated with that of paper by J. S. Riggs on ‘‘Steel 
Mill Controllers from the Operator's Standpoint”’. 


STEEL MILL CONTROLLERS FROM THE OPERATORS STANDPOINT 

J. S. Riggs > Vol. xxxiv—1915, pp. 883-890 

The writer shows that no provision for emergencies can be allowed in 
blooming mill and rolling mill machinery and that it must always stand up 
to service, be as simple and as nearly fool-proof as possible. Advocates 
full-magnetic control. Requirements of different classes of machinery 
tabulated. Expense of duplication reduced by standardization. 

Discussion, pages 891-916, by Messrs. H. F. Stratton, A. G. Pierce, 
D. B. Rushmore, Glenn E. Stoltz, M. A. Whiting, J. A. Albrecht, 
E. J. Murphy, R. H. McLain, K. A. Pauly, J. S. O’Donovan, Jacob F. 
Motz, S. C. Coey, Paul Caldwell, T. E. Tynes, W. T. Snyder, H. D. James, 
Graham Bright, W. H. Markland, Palmer Collins and C. D. Gilpin. 

General discussion of important points embodied in the paper. 


CONTROL OF DIRECT-CURRENT HOISTS IN IRON AND STEEL MILLS 
G. E. Stoltz and W. O. Lum Vol. xxxiv—1915, pp. 917-923 

The control problem discussed is confined entirely to the skip hoist. 
The load on the hoist is analyzed and proper cycle of operations deter- 
mined. The characteristics of the motor and controller are considered 
as a unit. 

Discussion incorporated with that of paper by W. T. Snyder on “‘ Direct- 
Current Control for Hoisting Equipment in Industrial Plants.” 


DIRECT-CURRENT CONTROL FOR HOISTING EQUIPMENT IN INDUSTRIAL 
PLANTS 

W. T. Snyder 7 Vol. xxxiv—1915, pp. 925-940 
A consideration of the various factors which must be taken into account 

when selecting a controller for mill machinery. The three different types 

of control as applied to the skip hoist, the high-speed coal hoist and the 

slow-speed ash hoist, and the functions absolutely essential to the control- 

ler in each case. 
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Discussion, pages 941-959, by Messrs. H. D. James, W. C. Kennedy, 
E. H. Martindale, J. H. Albrecht, Paul Caldwell, R. A. Black, John D 
.Wright, T. E. Tynes, C._S. Dauler, J. A. Albrecht, Francis J. Burd, 
J. S. O’Donovan, P. M. Lincoln, M. A. Whiting, G. E. Stoltz and W. T. 
Snyder. 

Discussion of contact arcing, series contactors, grids and bridge-motion 
control, etc. 


ALTERNATING-CURRENT CONTROLLERS FOR STEEL MILLS 

Arthur Simon Vol. xxxiv—1915, pp. 961-981 

A consideration of the control problems offered by squirrel-cage and 
wound-rotor induction machines when applied to steel mill service. 
The various types of a-c. controllers in use are described and illustrated 
and the advantage and disadvantage of each type as well as its limiting 
capacities are discussed. A number of typical installations are described. 

Discussion incorporated with that of paper by Raymond E. Brown on 
“The Alternating-Current Coal Hoist.” 


THE ALTERNATING-CURRENT COAL HOIST 
Raymond E. Brown Vol. xxxiv—1915, pp. 983-990 

A description of an a-c. coal hoist in which dynamic braking is’ em- 
ployed. Brakes and clutches operated by compressed air. The limiting 
factors in coal hoist control are described with means of securing an 
accurate stop. 

Discussion (including that of paper by A. Simon), pages 991-1010, by 
Messrs. R. E. Brown, M. A. Whiting, J. H Albrecht, R. H. McLain, 
W. C. Kennedy, C. D. Knight, W. F. Detwiler, W. O. Oschmann, G. 
Bright, C. S. Lankton, W. T. Snyder, E. S. Zuck, G. E. Stoltz, W. O. 
Lum, J. D. Wright, C. D. Gilpin and A. Simon. 

A general discussion of the problems involved with instances of installa- 
tions that have met particular cases successfully. 


AUTOMATICALLY CONTROLLED SUBSTATIONS 
With Particular Reference to Their Application to Interurban Electric Railways 
E. W. Allen and Edward Taylor Vol. xxxiv—1915, pp. 1801-1815 


An analysis of the duties of the attendant of a substation and an appeal 
for the substitution of present day reliable automatic devices with conse- 
quent economy and improvement of service. The paper advocates a 
reduction in size and an increase in the number of stations. A descrip- 
tion is given of the automatically controlled substations installed on the 
lines of the Elgin and Belvidere Electric Railway. 

Discussion, pages 1816-1819, by Messrs. A. H. Babcock, R. F. Schu- 
chardt, H. R. Summerhayes and C. W. Place. 

A discussion of the variety of substations designed and economy possi- 
bilities. 

ARC’ PHENOMENA 
A. G. Collis Vol. xxxiv—1915, pp. 1921-1940 


A study of the arc phenomena accompanying the rupture of circuits 
in oil switches and description of a number of experiments made to deter- 
mine the influence of differently shaped arcing contacts upon the dis- 
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turbances following rupture of an a-c. circuit. The use of reactors is 
also considered. 

Discussion, pages 1941-1951, by Messrs. E. B. Merriam, C. Lichtenberg, 
F. W. Harris and W. D. Peaslee. 

A comparison of the experiences of others with those of the author. 


DELTA-CROSS CONNECTIONS OF TRANSFORMERS FOR PARALLEL OPERATION 
OF TWO- AND THREE-PHASE SYSTEMS 
George P. Roux Vol. xxxiv—1915, pp. 2141-2152 
Two methods of transformer connections; the tee-cross and delta- 
cross are described with their application for parallel operation of 2- 
and 3-phase systems, and an explanation given of voltage, current and 
phase relation, and the dephasing action which takes place in each case. 
Discussion, pages 2153-2155, by Messrs. E. E. Ee Creighton, W. A. 
Hillebrand, L. F. Blume, G. P. Roux. 
General discussion. 


PHENOMENA ACCOMPANYING TRANSMISSION WITH SOME TYPES OF STAR 
TRANSFORMER CONNECTIONS 

L. N. Robinson Vol. xxxiv—1915, pp. 2183-2191 

This paper points out and explains some even harmonic phenomena 
attending the operation of star-star connected banks of transformers 
having grounded neutral on the line side only. 

Discussion, pages 2192-2195, by Messrs. H. J. Ryan, H. Stephenson, 
W. A. Hillebrand, J. P. Jollyman, F..F. Brand and L. N. Robinson. 

Remarks for and against the use of grounded neutral and tertiary 
delta. 

THE REPULSION START INDUCTION MOTOR 

James L. Hamilton Vol. xxxiv—1915, pp. 2443-2474 

This paper sets forth the general characteristics of the repulsion start 
induction motor and compares them with similar characteristics of d-c. 
motors and other a-c. motors. It outlines a definite and commercially 
practicable method of studying the electrical design of existing motors 
and of predetermining the design of new or proposed motors. 

Discussion, pages 2475-2482, by Messrs. H. Weichsel, C. A. Weber, 
F. J. Bullivant, M. Brooks and J. L. Hamilton. 

A general discussion of the design methods given by the author. 


SINGLE-PHASE SQUIRREL-CAGE MOTOR WITH LARGE STARTING TORQUE 
AND PHASE COMPENSATION 

Val A. Fynn Vol. xxxiv—1915, pp. 2483-2508 

A description of a new single-phase motor which develops a large start- 
ing torque and operates with unity power factor. It outlines the manner 
in which the machine was developed, discusses the theory of its operation 
as well as novel points in its design and gives a number of test results 
obtained with motors of different sizes. 

Discussion, page 2509, by Mr. H. Woche: 

A brief description of the working characteristics of the motor. 


THE PRINCIPLES AND SYSTEMS OF ELECTRIC MOTOR CONTROL 
C. D. Knight Vol. xxxiv—1915, pp. 2781-2792 


A description of several types of resistance and explanation of the 
various forms of magnetic control in vogue to-day for both d-c. and a-c. 
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motors. The characteristics embodied in contactor or magnetic switch 
design. 

Discussion, pages 2793-2806, by Messrs. B. Jones, E. J. Murphy, W. I. 
Slichter, F..B. Crocker, J..H. Albrecht, H. F. Stratton, M. D. Goodman, 
F, W. Gay and C. D. Knight. 

A discussion for and against types of control advocated by the author 
and an appeal for greater care in selection of motors and controllers in 
building equipment. 


17. TRACTION 


CONDITIONS AFFECTING THE SUCCESS OF MAIN LINE ELECTRIFICATION 
W.S. Murray Vol. xxxiv—1915, pp. 85-124 

Description of general conditions affecting the success of railroad 
electrification from both the public and railroad viewpoints. New Haven 
taken as particular example with tabulated statistics from monthly opera- 
ting report. Statistics of construction costs of various catenary con- 
struction types. 

Discussion, pages 125-144, by Messrs. Alfred W. Gibbs, George R. 
Henderson, E. H. McHenry, C. Renshaw, F. E. Wynne, Philip Torchio, 
W. A. Del Mar, R. H. Wheeler and W. S. Murray. 

General discussion of electrification. Appeal for standardization of 
power systems. Consideration of outside power sources. 


OVERHEAD CONTACT SYSTEMS, CONSTRUCTION AND COSTS—PART I 
E. J. Amberg Vol. xxxiv—1915, pp. 1459-1470 

A brief analysis of the systems and points to be considered in equipping 
trunk lines with overhead catenary construction, with special reference 
to the New Haven electrification. The paper is subdivided into five 
parts, vz; catenary systems, Supporting structures, sectionalization, 
special construction and cost data. ; 

Discussion incorporated with that of paper by Paul Lebenbaum on 
“The Contact System of the Southern Pacific Company, Portland Divi- 
sion”. 


CONSTRUCTION, MAINTENANCE AND COST OF OVERHEAD CONTACT 
SYSTEMS—PART II—CATENARY CONSTRUCTION 

F. Zogbaum Vol. xxxiv—1915, pp. 1471-1485 

A general review of the problems involved in the maintenance and cost 
of an overhead high-voltage system of the catenary type. The particular 
subject treated is the contact system and transmission lines of the New 
York, Westchester and Boston Railway. 

, Discussion incorporated with that of paper by Paul Lebenbaum on 
“The Contact System of the Southern Pacific Company, Portland Divi- 
sion”’. 


CONTACT SYSTEM OF THE BUTTE, ANACONDA AND PACIFIC RAILWAY 
Jab cox Vol. xxxiv—1915, pp. 1487-1516 

‘A review of conditions that caused the selection of the overhead contact 
system and the adoption of the roller pantograph on the B. A.& P.R.R, 
Description of special hangers, pulloffs, etc. required. Explanation of 
relatively high cost of installation, 
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Discussion incorporated with that of paper by Paul Lebenbaum on 
“The Contact System of the Southern Pacific Company, Portland Divi- 
sion”’. 


THIRD RAIL AND TROLLEY SYSTEM OF THE WEST JERSEY AND SEASHORE 
RAILROAD : 
J. V. B. Duer Vol. xxxiv—1915, pp. 1517-1533 
The details and cost of construction of the contact system as originally 
installed and subsequently modified and extended. Operating experiences 
and cost of maintenance for seven consecutive years, track and third-rail 
resistances are given. 
Discussion incorporated with that of paper by Paul Lebenbaum on 
“The Contact System of the Southern Pacific.Company, Portland Divi- 
sion’’. 


TOP-CONTACT UNPROTECTED CONDUCTOR RAIL FOR 600-VOLT TRACTION 
SYSTEMS 
Charles H. Jones Vol. xxxiv—1915, pp. 1535-1545 
The various factors to be considered in the design of a 600-volt contact 
rail system. The question of weight and quality of rail, insulating, sup- 
porting, bonding and jointing and control of contraction and expansion 
are covered in detail. Total cost and cost per mile for various conditions, 
given. 
Discussion incorporated with that of paper by Paul Lebenbaum on 
“The Contact System of the Southern Pacific Company, Portland Divi- 
Sion. 


CONTACT CONDUCTORS AND COLLECTORS FOR ELECTRIC RAILWAYS 
C. J. Hixson Vol. xxxiv—1915, pp. 1547-1560 

A general classification of collecting devices according to the existing 
A. I. E. E. classification of contact conductors. Rail and wire systems 
are considered with their collectors. Many data are arranged in form of 
curves expressing the factors essential to proper collection. 

Discussion incorporated with that of paper by Paul Lebenbaum on 
“The Contact System of the Southern Pacific Company, Portland Divi- 
sion.”’ 


THE CONTACT SYSTEM OF THE SOUTHERN PACIFIC COMPANY, PORTLAND 
DIVISION 
Paul Lebenbaum Vol. xxxiv—1915, pp. 1561-1574 

A detailed description of the 1550-volt overhead contact system of the 
electrified lines of the Southern Pacific Company, Portland Division. 
The design and materials of construction are given in detail and the cost 
per mile, of material and labor, are tabulated. 

Discussion (including that of papers by E. J. Amberg, F. Zogbaum, 
iby Coxe)... Be Diter, ©. HH. Jones andi@., |. Hixson) pases 1ovo-1ps84. 
by Messrs. L. D. Nordstrum, J. V. B. Duer, G. H. Hill, H. M. Hobart, 
A. S. McAllister, D. C. Jackson, R. L. Allen, F. Zogbaum, D. D. Ewing, 
NabaCoxmand C2) a Hixson. 

General discussion of details involved in the trolley and third rail 


electrification problem, 
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AUTOMATICALLY CONTROLLED SUBSTATIONS 
With Particular Reference to Their Application to Interurban Electric Railways 

E. W. Allen and Edward Taylor Vol. xxxiv—1915, pp. 1801-1815 

An analysis of the duties of the attendant of a substation and an 
appeal for the substitution of present day reliable automatic devices with 
consequent economy and improvement of service. The paper advocates 
a reduction in size and an increase in the number of stations. A descrip- 
tion is given of the automatically controlled substations installed on the 
lines of the Elgin and Belvidere Electric Railway. 

Discussion, pages 1816-1819, by Messrs. A. H. Babcock, R. F. Schu- 
chardt, H. R. Summerhayes and C. W. Place. 

A discussion of the variety of substations designed and economy pos- 
sibilities. 


18. LIGHTING AND LAMPS 


DIMMERS FOR TUNGSTEN LAMPS 
Alfred E. Waller Vol. xxxiv—1915, pp. 349-356. 

Consideration of new factors involved in dimmer design through the 
development of the tungsten lamp with its positive temperature co- 
efficient. Comparison of curves obtained with carbon and tungsten 
filaments. Commercial requirements. 

Discussion, pages 357-361, by Messrs. Leonard Kebler, Charles D. 
Knight, John B. Taylor, Comfort A. Adams, W. S. Franklin, H. War 
Leonard and Alfred E. Waller. j 

Design details, 


THE EFFECTIVE ILLUMINATION OF STREETS 
Preston S. Millar Vol. xxxiv—1915, pp. 1429-1448 

The effectiveness of street lighting with particular reference to silhouette 
effect, specular reflection and glare. A presentation of the variables upon 
which the effectiveness of street illumination depends. Illuminating 
efficiency values for several modern street illuminations are given. Sta- 
tistics and photographs of some very recent installations. 

Discussion, pages 1449-1458, by Messrs. G. H. Stickney, D. C. Jackson, 
H. L. Wallau, W. R. Moulton, H. H. Magdsick, W. H. Pratt, J. B. White- 
head, P. Junkersfeld, A. T. Baldwin, L. D. Nordstrum, C. E. Stephens 
and P. S, Millar. 

General discussion of street illumination. 


19. ELECTRICITY IN THE ARMY AND NAVY 


SEARCHLIGHTS 

C. S. McDowell Vol. xxxiv—1915, pp. 363-376 

Statement of the great necessity of an impfoved searchlight with out- 
line of constituent parts and desirable features. Method of: testing 
mirrors, with figures. Comparison of Navy standard lamps and Beck 
44-in. lamp. 

Discussion, pages 377-385, by Messrs. R. B. Chillas, Jr., Karl Georg 
Frank, H. A. Hornor, W. S. Franklin and Clayton H. Sharp. 

Design details and carbon statistics. 
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STANDARD MARINE ELECTRICAL INSTALLATIONS 

H. A. Hornor Vol. xxxiv—1915, pp. 1821-1854 

The requirements of merchant and naval installations are cited in brief. 
The rules of classification societies are reviewed and present practise 
fully discussed. Specific applications to a number of different types of 
ships, both merchant and naval, are given. The reasons for the applica- 
tion of electric propulsion to a battleship are briefly given. 

Discussion, page 1855, by Messrs. S. H. Blake and J. H. Finney. 

A short general discussion of details. 


20. MISCELLANEOUS APPLICATIONS OF ELECTRICITY 


THE CHARACTERISTICS OF ELECTRIC MOTORS INVOLVED IN THEIR 
APPLICATION 
D. B. Rushmore ; Vol. xxxiv—1915, pp. 169-175 

A description of the growth of motor applications and an outline of 
the characteristics and limitations of motors involved in proper selection 
and application. ; 

Discussion, pages 176-232, by Messrs. A. C. Lanier, Albert Brunt, 
K. A. Pauly, E. F. W. Alexanderson, C. J. Fechheimer, F. B. Crosby, 
A. B. Averrett, Lee F. Adams, C. A. Adams. 

“The Direct-Current Motor in Industrial Applications,’ ‘“Character- 
istics of Direct-Current Motors for Elevator Service,” ‘Application of 
Flywheels to Motors,’ ‘““A-C. Commutator Motors,” “Synchronous 
Motors and Their Characteristics in Connection with Their Application,”’ 
‘Speed Regulation,” ‘Induction Motor Characteristic Curves,” “Bear- 
ings,’ ‘Motor Characteristics.” 


SEARCHLIGHTS 

Cc. S. McDowell Vol. xxxiv—1915, pp. 363-376 

Statement of the great necessity of an improved searchlight with 
outline of constitutent parts and desirable features. Method of testing 
mirrors, with figures. Comparison of Navy standard lamps and Beck 
44 in. lamp. 

Discussion, pages 377-385, by Messrs. R. B. Chillas, Jr., Karl Georg 
Frank, H. A. Hornor, W. S. Franklin and Clayton H. Sharp. 

Design details and carbon statistics. 


ELECTRICAL PRECIPITATION 
F. G. Cottrell Vol. xxxiv—1915, pp. 387-396 


Historical sketch. 
Discussion incorporated with that of papers by W. W. Strong, A. F. 


Nesbit and Linn Bradley. 


ELECTRICAL PRECIPITATION 
Theory of the Removal of Suspended Matter from Fluids 
W. W. Strong Vol. xxxiv—1915, pp. 397-404 
Method of calculating the amount of energy to remove suspended 
matter from fluids and relative efficiencies of various methods. The 
manner of distribution of energy of corona discharge and nature of ion- 
ization discussed. The application of the theory and the limits of use- 


fulness. 
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Discussion incorporated with that of papers by Messrs. F. G. Cottrell, 
A. F. Nesbit and Linn Bradley. 


THE THEORETICAL AND EXPERIMENTAL CONSIDERATION OF ELECTRICAL 
t PRECIPITATION 
A. F. Nesbit Vol. xxxiv—1915, pp. 405-420 


Theory of electrical precipitation of suspended matter in gases is 
inseparably connected with the phenomena of ionization and laws of 
electrically charged bodies. Demonstration of precipitation in nature 
and the action of ionization, gravitation and the electric field. Data 
showing the superiority of negative corona and relative effectiveness of 
size and shape of electrodes, temperature and conductance of gases, 
polarity and uniformity of corona. 

Discussion, incorporated with that of papers by Messrs. F. G. Cottrell, 
W. W. Strong and Linn Bradley. 


PRACTICAL APPLICATIONS OF ELECTRICAL PRECIPITATION AND PROGRESS 
OF THE RESEARCH CORPORATION 
Linn Bradley Vol. xxxiv—1915, pp. 421-457 

Technical and financial progress made by the Research Corporation 
since its organization with detailed description of several installations 
including data on voltages, electrode spacings, power consumption, 
etc. Mention is made of improvements in apparatus, the tendency 
toward standardization and the field Opening up for application. A 
selected bibliography is included. 

Discussion, (including that of papers by F. G. Cottrell, W. W. Strong 
Bimal JN, 18. Nesbit), pages 458-464, by Messrs. W. S. Franklin, Linn. 
Bradley, Saul Dushman, Halbert P. Hill, A. F. Nesbit, L. W. Chubb, 
John B. Taylor, J. H. Davis, W. W. Strong and S. M. Kintner. 
Criticisms and approvals of various methods and additional data on 
certain operations. 


FIXATION OF ATMOSPHERIC NITROGEN 
Leland L. Summers Vol. xxxiv—1915, pp. 577-611 


Description of the very definite commercial limitations of nitrogen 
fixation set by the vast natural deposits of sodium nitrate with which 
the production of a substitute must compete. The very low efficiency 
of electrical fixation processes is emphasized and the possibilities of a 
combination electrical and chemical process discussed. Comparative 
figures are given showing the amount of energy necessary per kilogram of 
nitrogen fixed. 

Discussion, pages 612-617, by Messrs. Joseph W. Richards, jaelzRe 
Hayden, D. B. Rushmore, Charles A. Doremus, F. V. Henshaw, Frank 
B. Washburn and Leland L. Summers. 

Consideration of the power situation with relation to a fixation plant. 
The Rjukanfos, Norway plant. 


APPLICATION OF ELECTRICITY TO THE ORE HANDLING INDUSTRY 
C. D. Gilpin Vol. xxxiv—1915, pp. 619-637 
The typical method of handling ore from mine to blast furnace, describ- 
ing machinery used in the different steps. The principles of application 
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of motors to the various machines and the types best adapted to the 

work are discussed with the essential points of a power installation. 
Discussion, pages 638-642, by Messrs. D. B. Rushmore, D. M. Petty, 

R. H. McLain, H. D. James, H. F. Stratton, R. R. Selleck, J. C. Lincoln. 
Amplification of details. 


THE FACTORS INVOLVED IN MOTOR APPLICATIONS 
David B. Rushmore Vol. xxxiv—1915, pp. 695-697 


A summary of some of the factors involved in motor application. 

Discussion, pages 698-778, by Messrs. A. P. Lewis, C. W. Larson, 
C. A. Austrom, W. Baum, H. H. Clark, F. A. Allner, Harold Goodwin, Jae 
C. R. Weiss, A. M. Dudley, A. E. Averrett, H. L. Wallau, C. Fair, R. W. 
Davis, H. R. Johnson, W. C. Yates, R. F. Schuchardt, Eric A. Lof, 
G. H. Jones, N. Currie, Jr., S. D. Sprong and R. M. Wilson. 

A series of discussions on the following subjects: Motor Applications 
in the Rubber Industry; Friction Drive; Motor Installations from Safety 
and Insurance Viewpoints; Explosion-Proof Apparatus; The Influence 
of Inflammable Mine Gas upon the Design of Motors; Limitations as to 
Capacity and Type of Motor which may be Used on a System from the 
Central Station Standpoint; Factors Involved in Motor Applications; 
Link-Belt Silent Chain; The Selection of Motors from the Point of View 
of Frequency, Voltage and Phase, etc.; Individual Versus Group Drive; 
Safety First in Motor Applications; Load Conditions Affecting the 
Selection of Motors; Refrigerating Machinery; Alternating vs. Direct 
Current from the Standpoint of the Central Station. 


FIELDS OF MOTOR APPLICATION 

David B. Rushmore Vol. xxxiv—1915, pp. 1275-1283 

An introduction to a discussion on subject of Fields of Motor Appli- 
cation. An industry is defined from an economic standpoint and list 
of principal industries is given. The investigation of an industry from 
the standpoint of electric motor application is covered. 

Discussion incorporated with that of paper by H. E. Stafford on 
“Blectricity in Grain Elevators.’ 


ELECTRICITY IN GRAIN ELEVATORS 
H. E. Stafford Vol. xxxiv—1i915, pp. 1285-1301 
The storage capacity of grain at the terminals of Port Arthur and Fort 
William, is shown, together with the rated h. p. capacity of prime movers 
and the power used by different machines. Details of various plants and 
equipments are given and a comparison of steam and electrically driven 
plants as regards covenience, maintenance, operation and cost. 
. Discussion (including that of papers by D. B. Rushmore), pages 1302- 
1348eby Messrsy He Di jiames, Wo MM. Hoen, yi. fy Boe) WiC.) Yates; 
T. Z. Simpers, E. W. Pilgrim, L. Ll. Tatum, J. C. Lincoln, J. H. Davis; 
H. W. Rogers, C. A. Kelsey, W. L. Merrill, C. C. Batchelder and R. H. 


Rogers. 
Discussion on ‘‘The Electric Elevator’, ‘Individual Motor Drive as 
Used in the Oil Flotation Process’, ‘‘Fractional Horse-Power Motor 


Application”, ‘‘Printing Presses’, ‘‘Motor Applications of the Brick 
Manufacturing Industry’, ‘Electricity in the Rubber Industry”, 
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“Dredges and Excavating Machinery”, “The Sugar Industry”, ‘‘The 
Paper Mill Industry”’, ‘‘The Portland Cement Industry”, ‘‘The Hand- 
ling of Freight in Terminals.” 


STANDARD MARINE ELECTRICAL INSTALLATIONS 

H. A. Hornor f Vol. xxxiv—1915, pp. 1821-1854 

The requirements of merchant and naval installations are cited in 
brief. The rules of classification societies are reviewed and present prac- 
tise fully discussed. Specific applications to a number of different types 
of ships, both merchant and naval, are given. The reasons for the ap- 
plication of electric propulsion to a battleship are briefly given. 

Discussion, page 1855, by Messrs. S. H. Blake and J. H. Finney. 

A short general discussion of details. 


21. TELEPHONY AND TELEGRAPHY 


CONTINUOUS WAVES IN LONG DISTANCE RADIO TELEGRAPHY 
L. F. Fuller ¢ Vol. xxxiv—1915, pp. 809-827 

The theoretical transmission equations for both continuous and damped 
waves are considered with the empirical formulas for the latter. Ability 
to predetermine the probable normal daylight-sending radius of high- 
powered radio stations. Experiments with continuous waves between 
San Francisco and Honolulu and the empirical formula derived. Curves 
for both day and night conditions are shown. Effects of changes of wave 
lengths upon transmission efficiency are discussed. 

Discussion, pages 828-841, by Messrs. Alfred N. Goldsmith, J. Zenneck, 
Lee de Forest, A. J. Hepburn, E. F. W. Alexanderson, G. H. Clark and 
LB. Fuller: 

Alternators for radio frequencies. The use of the are as a generator. 
Discussion of ‘‘sunrise effect’, interference, audibility and divergence 
factors. 


HOW BELL INVENTED THE TELEPHONE 
Thomas A. Watson Vol. xxxiv—1915, pp. 1011-1021 


A historical sketch of the invention and development of the telephone. 


AN ANALYTICAL AND GRAPHICAL SOLUTION FOR NON-SINUSOIDAL 
ALTERNATING CURRENTS ; 
' F. M. Mizushi Vol. xxxiv—1915, pp. 1159-1170 


The solution for sinusoidal currents, series circuits, may be modified 
by the introduction of current distortion factors to hold for non-sinusoidal 
currents. The usual solution for parallel circuits may likewise be modified 
by similar voltage distortion factors. The general analytical solution 
for both cases is followed by the graphical solution and by special cases. 

Discussion (including that of papers by F. Bedell, R. Bown, H. A. 
Pidgeon, and C. L. Swisher, and Report of Joint Committee on Inductive 
Interference), pages 1171-1200, by Messrs. C. A. Adams, L. W. Chubb, 
H. S. Osborne, W. V. Lyon, W. I. Middleton, C. L. Dawes, E. E. FP. 
Creighton, J. B. Whitehead, W. J. Foster and F. Bedell. 

Discussion on the effect of frequency on telephone operation with 
recommendations leading to the reduction of distortion of wave form in 
power circuits. A description of pure wave generator. 
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SUBMARINE CABLE RAPID TELEGRAPHY: OCEAN AND INTERCONTINENTAL 
TELEPHONY 
Bela Gati Vol. xxxiv—1915, pp. 2079-2107 


A description of methods and apparatus applicable for increasing the 
speed of cable telegraphy and ocean telephony. Various makes of relays, 
sensitive receivers, microphones and loaded circuits are considered in 
detail. 

Discussion, pages 2108-2111, by Mr. O. B. Blackwell. 

A general discussion on doubtful points of the paper. 


DISCUSSION ON “REPORT BY THE JOINT COMMITTEE ON INDUCTIVE 
INTERFERENCE” 
Vol. xxxiv—1915, pp. 2113-2125 
The factors involved in inductive interference and methods of limiting 
or counteracting them with special reference to high frequency, reduction 
of harmonics and forms of line construction and transformer installation. 


22. MISCELLANEOUS TOPICS AND INSTITUTE AFFAIRS 


THE MULTIPLEX COST AND RATE SYSTEM 

Otto B. Goldman Vol. xxxvi—1915, pp. 1-17 

Method of determining the cost of electric service with variable demands 
The value of competition and the regulation of profits. Examples 
covering various conditions are worked out. 

Discussion, pages 18-21, by Messrs. Julian Loebenstein, L. C. Tomlinson, 
and O. B. Goldman. 

General discussion with particular attention to growth factor and the 
time-watt-hour meter. 


THE BEST CONTROL OF PUBLIC UTILITIES 
Frank G, Baum Vol. xxxiv—1915, pp. 145-167 
An appeal for the establishment of class rates with an outline for the 
method of determining these rates. Examples are given to show why 
various class rates differ. 
Discussion incorporated with that of paper by F. G. Baum on “Class 
Rates for Light and Power Systems or Territories’’. 


SYMPOSIUM ON “THE STATUS OF THE ENGINEER” 
: Vol. xxxiv—1915, pp. 293-332 
Addresses by Messrs. L. B. Stillwell, E. W. Rice, Jr., E. M. Herr, 
Alexander C. Humphreys, George F. Swain, Henry G. Stott and J. J. 
Carty. ! 
FIXATION OF ATMOSPHERIC NITROGEN 
Leland L. Summers Vol. xxxiv—1915, pp. 577-611 
Description of the very definite commercial limitations of nitrogen 
fixation set by the vast natural deposits of sodium nitrate with which the 
production of a substitute must compete. The very low efficiency of 
electrical fixation processes is emphasized and the possibilities of a com- 
bination electrical and chemical process discussed. Comparative figures 
are given showing the amount of energy necessary per kilogram of nitrogen 
fixed. 
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Discussion, pages 612-617, by Messrs. Joseph W. Richards, J. L. R. 
Hayden, D. B. Rushmore, Charles A. Doremus, F. V. Henshaw, Frank B. 
Washburn, and Leland L. Summers. 

Consideration of the power situation with relation to a fixation plant. 
The Rjukanfos, Norway plant. 


THE FLOW OF ENERGY 
Robert A. Philip Vol. xxxiv—1915, pp. 779-808 


Description of a new graphical method of representing the flow of 
energy showing the functions of generators, motors, transformers, trans- 
mission lines, and other parts of an electric distributing system in terms 
of the flow of energy through them. 

No discussion. ~ 


HOW BELL INVENTED THE TELEPHONE 
Thomas A. Watson Vol. xxxiv—1915, pp. 1011-1021 


A historical sketch of the invention and development of the telephone. 


THE TREND OF ELECTRICAL DEVELOPMENT 
President’s Address 
Paul M. Lincoln Vol. xxxiv—1915, pp. 1023-1034 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER 
ERECTION—I 
J. A. Walls Vol. xxxiv—1915, pp. 1201-1212 
Notes on investigation of types of foundations, digging holes for founda- 
tions, concreting foundations and erecting towers. 
Discussion incorporated with that of paper by A. Bang on ‘‘Four Years 
Operating Experience on a High-Tension Transmission Line.’’ 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER 
ERECTION—II 
J. B. Leeper Vol. xxxiv—1915, pp. 1213-1219 
The importance of properly designed tower anchors so that maximum 
strength of tower may be obtained with most economical outlay. In- 
stances of loss where this has been overlooked. 
Discussion incorporated with that of paper by A. Bang on ‘Four 
Years Operating Experience on a High-Tension Transmission Line.” 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER 
ERECTION—III 
W. E. Mitchell Vol. xxxiv—-1915, pp. 1221-1226 
The development of the type of all-steel tower footing used by the 
Alabama Power Company for their 110,000-volt transmission lines is 
outlined with a summary of conditions influencing the designs finally 
arrived at. 
Discussion incorporated with that of paper by A. Bang on “Four 
Years Operating Experience on a High-Tension Transmission Line.” 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER 
ERECTION—IV 
P. M. Downing Vol. xxxiv—1915, pp. 1227-1231 
The weakest link of a transmission system is the line. Towers are 
strongly advocated for trunk lines and conditions to be met in design 
are given. The use of concrete footings is recommended, 
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Discussion incorporated with that of paper by A. Bang on ‘‘Four 
Years Operating Experience on a High-Tension Transmission Line.”’ 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER 
ERECTION—V 

F. C. Connery Vol. xxxiv—1915, pp. 1233-1241 

A brief explanation is presented of the types of towers, tower founda- 
tions, etc. along with details of field practise used in connection with two 
lines of towers carrying six 190,000-cir. mil, seven-strand copper con- 
ductors between Niagara Falls and Toronto. The question of dispensing 
with massive concrete foundations for towers is dealt with. 


Discussion incorporated with that of paper by A. Bang on ‘‘Four 
Years Operating Experience on a High-Tension Transmission Line.” 


CLASSIFICATION OF ALTERNATING-CURRENT MOTORS 

Val A. Fynn Vol. xxxiv—1915, pp. 1349-1390 

The component field theory is suggested as best suited to the classi- 
fication of a-c. motors. Descriptive names are offered for 44 a-c. motors 
including the principal forms of single-phase, polyphase, commutator 
and commutatorless. These names are such as to positively identify 
each machine. The author also points out the fact that there is no 
justification whatever of the term ‘‘repulsion’’ in connection with a-c. 
motors. 

Discussion incorporated with that of paper by F. Creedy on ‘‘The 
Classification of Electromagnetic Machinery.” 


THE CLASSIFICATION OF ELECTROMAGNETIC MACHINERY 
F, Creedy Vol. xxxiv—1915, pp. 1391-1415 

A classification of all dynamo electric machinery according to five 
sets of characteristics, as follows: type of field; method of disposal 
of secondary power; use of commutators; method of magnetization; 
method of connection. 

Discussion (including that of paper by V. A. Fynn), pages 1416-1428, 
by Messrs. A. S. McAllister, H. M. Hobart, C. R. Underhill, C. A. Adams, 
V. A. Fynn, W. C. Korthals Altes and F. Creedy. 

A general discussion of various methods of classification of electro- 


magnetic machinery. 


CLASS RATES FOR LIGHT AND POWER SYSTEMS OR TERRITORIES 

Frank G. Baum Vol. xxxiv—1915, pp. 1693-1713 

Arguments in support of the principle of establishing uniform rates 
; throughout a system or territory for different classes of service. In 
establishing the rates, the author segregates the services into eight 
different classes and divides the rates into energy and demand charges. 

Discussion, pages 1714-1729, by Messrs. A. H. Babcock, W. J. Norton, 
H. L. Wallau, M. G. Lloyd, S. N. Clarkson, W. H. Pratt, E. L. Wilder, 
J. W. Welsh, H. M. Hobart, R. W. Pope and F. G. Baum. 

Discussion includes arguments for and against the class rate and 
statements of methods of rate making that have proved successful. 
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PROGRESS IN THE IRON AND STEEL INDUSTRY AND THE ELECTRIC FURNACE 
Karl Georg Frank Vol. xxxiv—1915, pp. 1731-1738 


The history and development of the electric furnace and a prophecy 
as to future development. 
No discussion. 


SYMPOSIUM ON “INVENTORIES AND APPRAISALS OF PROPERTIES” 
Part I : 
C. L. Cory Vol. xxxiv—1915, pp. 2023-2030 
The chief factors that must be taken into account in making an inyen- 
tory and appraisal of an electric lighting and power property; the factors 
usually universally recognized; the factors generally recognized; the 
factors regarding which there is serious controversy; differences in inven- 
tories and appraisals of properties when these are to be used for different 


purposes. 
Discussion incorporated with that of Part III by William J. Norton. 


SYMPOSIUM ON “INVENTORIES AND APPRAISALS OF PROPERTIES” 
Part II 

W. G. Vincent, Jr. Vol. xxxiv—1915, pp. 2031-2040 

The procedure that is necessary to obtain reliable inventories and 
reasonable appraisals of properties that can be defended both from the 
standpoint of the public and companies; the extent to which detailed 
inventories and appraisals should be kept up to date by companies; 
the best way in which detailed inventories and appraisals may be kept 
up to date by companies. 

Discussion incorporated with that of Part III by William J. Norton. 


SYMPOSIUM ON “INVENTORIES AND APPRAISALS OF PROPERTIES” 
Part III 
William J. Norton Vol. xxxiv—1915, pp. 2041-2050 
Factors and-items involved in the determination of working capital 
Discussion (including that of Parts I and II, by C. L. Cory and W. G. 
Vincent, Jr.), pages 2051-2078, by Messrs. Philander Betts, H. Spoehrer, 
H. Floy, W. F. Lamme, F.J. Rankin, H.J. Ryan, F. E. Hoar, J. B. Fisken, 
J. H. Finney, D. B. Rushmore, L. B. Ready and C. L. Cory. 
Discussion covers overhead charges, value of inventories, working 
capital, valuation and general related topics. 


RATES AND RATE MAKING 

Paul M. Lincoln Vol. xxxiv—1915, pp. 2279-2318 

The necessity of recognizing load factor in rate schedules is emphasized. 
To obtain load factor necessitates the measurement of maximum demand; 
a new maximum demand meter is described which depends upon heat 
and heat storage. The theory of such meters is discussed. A new method 
of measuring power factor and volt-amperes is disclosed and a method of 
recognizing power factor in the rate for electric service is discussed. 

Discussion, pages 2319-2360, by Messrs. W. McClellan, E. J. Cheney, 
P. Betts, J. W. Lieb, H. G. Stott, C. I. Hall, J. B. Taylor, H. W. Peck, 
H. Goodwin, Jr., W. N. Polakov, T. Jones, A.W. Burke, F.T. Leilich, R. S. 
Hale, E. J. Blake, A. Dow, J. G. De Remer, F. A. Sager, E. P. Roberts, 


SYNOPTICAL INDEX 51 


R. A. Philip, H. L. Wallau, R. A. Lundquist, J. D. Mortimer, L. R. Lee 
and P. M. Lincoln. 


A general discussion for and against various methods of rate making. 


THE COMBINED OPERATION OF STEAM AND HYDRAULIC POWER IN THE 
PENNSYLVANIA WATER AND PQWER COMPANY SYSTEM 
John Abbet Walls Vol. xxxiv—1915, pp. 2361-2368 
The experience of a large hydroelectric development on an erratic 
river, in endeavoring to accomplish most effective combined steam and 
hydroelectric operation. A plea is made for drawing up power contracts 
to encourage effective combined operation of hydroelectric plant with 
customers’ existing steam equipment. 
Discussion incorporated with that of paper by J. F. Vaughan on 
‘Supplemental Power for Hydroelectric Systems.” 


SUPPLEMENTAL POWER FOR HYDROELECTRIC SYSTEMS 

J. F. Vaughan Vol xxxiv—1915, pp. 2369-2381 

An outline of the functions of a steam plant furnishing relay and 
supplemental power for a system whose normal source of power is water. 
Diagrams illustrate in a hypothetical case the division of load between the 
hydraulic and supplemental sources of power. 

The paper also discusses some general data obtained from a number 
of New England water power systems. 

Discussion (including that of paper by J. A. Walls) pages 2382-2388, 
by Messrs. A. S. Loizeaux, Mr. Birkhinhine, and J. F. Vaughan. 

A general discussion of the limiting factors in water power development. 


CONSTRUCTION -ELEMENTS OF THE TALLULAH FALLS DEVELOPMENT 
Charles G. Adsit and W. P. Hammond Vol. xxxiv—1915, pp. 2389-2438 

A very complete description of the Tallulah Falls hydroelectric devel- 
opment, one of the highest head water power plants in the world. Unit 
costs of the various items of construction are given. 

Discussion, pages 2439-2442, by Messrs. A. J. Porskievies, A. S. Loiz- 
eaux, C. G. Adsit, C. O. Lens, Mr. Biglow, G. A. Hoadley, H. Pender, 
R. B. Owens and L. Jorgensen. 

A general discussion of the details and unit costs of construction. 


THE REPULSION START INDUCTION MOTOR 

James L. Hamilton Vol. xxxiv—1915, pp. 2443-2474 

This paper sets forth the general characteristics of the repulsion start 
induction motor and compares them with similar characteristics of 
d-c. motors and other a-c. motors. It outlines a definite and commercially 
practicable method of studying the electrical design of existing motors 
and of predetermining the design of new or proposed motors. 

Discussion, pages 2475-2482, by Messrs. H. Weichsel, C. A. Weber, 
F. J. Bullivant, M. Brooks and J. L. Hamilton. 

A general discussion of the design methods given by the author. 


SINGLE-PHASE SQUIRREL-CAGE MOTOR WITH LARGE STARTING TORQUE 
AND PHASE COMPENSATION F 

Val A. Fynn Vol. xxxiv—1915, pp. 2483-2508 

A description of a new single-phase motor which develops a large start- 

ing torque and operates with unity power factor. It outlines the manner 
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in which the machine was developed, discusses the theory of its operation 
as well as novel points in its design and gives a number of test results 
obtained with motors of different sizes. 

Discussion, page 2509, by Mr. H. Weichsel. 

A brief description of the working characteristics of the motor. 


MUNICIPAL CO-OPERATION IN PUBLIC UTILITY MANAGEMENT 

P. J. Kealy Vol. xxxiv—1915, pp. 2533-2544 

Conditions surrounding early grants and the meagre knowledge of the 
importance of public utilities in their inception. The changing view of 
the public and the constantly increasing investment necessary to meet 
demands. The need of favorable conditions that capital may be attracted. 
The question of regulation of utilities and the limitation of extensions. 
The injustice of diverting public utility earnings to municipal purposes, 
An abstract of the Kansas City traction ordinance. 

Discussion, pages 2545-2548, by Messrs. C. A. Hobein, M. G. Lloyd, 
L. B. Cherry, N. W. Storer and P. J. Kealy. 

Various views of the public utility and conditions surrounding them. 


RECENT RESULTS OBTAINED FROM THE PRESERVATIVE TREATMENT OF 
TELEPHONE POLES 
F, L. Rhodes and R. F. Hosford Vol. xxxiv—1915, pp. 2549-2593 


The results of an experience with treated poles over a period of 18 
years are analyzed. Data given for poles treated by pressure, open 
tank and brush methods. Rates of decay, increase in life by treatment, 
the effect of Seasoning, and characteristics of the damage to poles caused 
by decay and by insects are covered. 

Discussion, pages 2594-2600, by Messrs. H. von Schrenk, C. H. Tees- . 
dale, C. A. Hobein, Jt: la B. Cherry. N. W Gtoree and R. F. Hosford. 

General discussion. 


DECOMPOSING MAGNETIC FIELDS INTO THEIR HIGHER HARMONICS 
H. Weichsel Vol. xxxiv—1915, pp. 2721-2738 


ments against the other. This avoids in many cases the usual long mathe- 
matical operations. Equations are deduced for the harmonics of various 
wave shapes based upon Fourier’s equation for a triangular field, 
Discussion, pages 2739-2745, by Messrs. G. R. Dean, J. L. Hamilton, 
IN, Ss Diamant, L. W. Chubb and H. Weichsel. 
A general discussion of the methods employed by the author in decom- 
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Contact systems, overhead, B. A.& P. R. R. (continued) 
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Contact systems (continued) 
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Contact systems, West Jersey and Seashore R. R., third rail (continued) 


jumpenes ce. 

protection.... 
sectionalizing 

switches.... 

track bondific. agree 

trolley vs. third rail, 

cost of replacement. 


Contactorss aati areas wens. a ere ta aaa i eee Peace 
Control, automatic, substations (See Substations, automatic con- 


trol, etc.) 
foundry, crane, variable voltages. iaaanmriir ntaeei tn 856 
G=CaViEFSUS\a=C ac... pehckan- gia eee eee 853, 858, 


iantial vs. Magnetic: woes enn ene ea 

industrial, foundry. <.,.1:> 220s dee ee eee 

board, Tallulah Falls developmentuee:e sce eines 

systems, motor. (See Motor control, principles, etc. 

Controllers, a-c., single vs. three-phase rae a MALES co Ria 
six-pole concatenated. . Si ee Snea 

automatic compensator type, mine- pump service. chin’ 

coal and ore-bridge service. . she ta Cote Pied eA a 

erane, bridge;motioniservice. “ener ieee eee ee 

foundry, arc.turnaces. yaa 4cy 1 ene ne eee 

Welding cs cniaacyieucgces ee eee 

crane. eae 

dynamic ‘brake, series contactor....... 

dynamic braking Yah nian en tate ey 

EMELFEN Cy EpaniCl.. wea anne aerate 

hook speed: 3. eG ae eee ee 

Limits switch. 2. rheas cee i eet ae 


safety lit. AO? eeepc 
speed-time curve. scaleulations, d-c. 
series motor service. 5 dabuers 
speed-time curve calculations, induc- 
tion motor service. 
trolley: motor. ch Mya st cece tee 
electro résistance fumnaces..) 55. Hoe ee 
hand or automatic; blowers, grinders, mixers, 
GTYerS, CONVEY. CES samen eres 
KukehaaanebeaNetse cbc bbs or ecg hac dace ce 844 
selection, factors to be considered.......... 
12-point rheostatic, wound-rotor induction 
MOLOTSErVACE a any aniai ye eee wee are ede 
hoist, accelerating rheostats 
hoist, d-c 


al Cing ra tiCOmvachs mymttn tN ene tee 
compound motor, diagram of connections. 
continuous service precautions. 

COSE 2 210 AT TCR ier ca ean eee 
Current icarnyineacapacti yoni eee 
500-ton blast furnace service 
grids 


allowable temperature use........ 950 
sources of trouble 
high-speed ‘coal typelosen toe eee eee 
diagram of connections. 

duty (cyclen ea ttee eee 

limiting tdevicest generar eee 943, 945 
Magieticrty;p eum ae see 
maintenance and depreciation 


1520 
1522 
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Controllers, hoist, d-c. (continued) 
TESISCAMCE: LUMIES Med sgt. eas cial a 
PESISCOLOMA RUT Vim aie Meld ie Oo ae 
sequencexoitcontrolay ss sn aeh o) ene 
series lockout Switch) tater tena Oe ek cee eee 


slow-speed ash type, automatic........... 
diagram of connec- 
tions. 5 
compound ‘motor, duty 
CV.CL Ont Orc steseeh te: 


RUUD te MA Mere es awe 
weared limiting. switchiaeee maga. cose. ee 
mechanical vs. electrical interlock............ 
series vs. parallel resistance grouping......... 
skip, d-cer, requirements ee Vee oe 

incline Operations a-C. on. ae as hth ee 
maim colingsmill service.) sean Leia 
Tra ELA ss PE ARE (PIETY Sy S98 ED OB TY hae AE reel he 867 


face-plave type x. te eis ee ee ae ae 
energy dissipation............ 
frequent reversal 977722... 
TEMOLCECOMET Ol, wee eta eee 
SOlGHOIC, <CHATLETING ©) x cectarnd yee te ees 
Construction detallSa ane ame ee = a 
carrentirelayion tate ee tenes 
primary vs. secondary seu Bee 
series-relay self-starter. fUsDS 
WIG els crags Bae ees Ace anes one 
aievcleravins telanyen oeven sett a tame het eee es 
automatic. disadvamtages. o.. -rn ee ene 
crane, drum vs. dial air 
development. . Je 
dial type, flashing . . sqaudeea tor 
equipment requirements, tabulation. he hs san ei eyere 
full magnetic, advantages. . RE Oe ccd OOe 
Full-reverse. multi-speed eet sd.) yes see 
SinelesMeCednc re -uactrcig asada tele 
Geutantradin Oe Te ay Gee aetna ore) Sieh oan eouaBe) o> sg ahiou alien en tie 
OCA TIO TNO LMA Ne, MEM pene ose, ilcniesi Ske monokcolo tease: cots 
ARAYA EWHO TENDS. cara o 6 Slo Hote on atebO Ora o o0 poo, eke 
master controller and ee ee mechanical 
weaknesses. praswenee! BNR Beare hos he 
non-reverse, pushbutton. Maen en ee ca 
PUOLECHIOMIGSVICES ME a yb seins elvis clema sins oe cleus 
remote control type. 
service requirements. . 
shunt-field protecting relay. ine oe 
solenoid, hand and air- operated. ee ee 992 
mine-hoist SETVICE.. i eens 
jeKblinnljal SF PIQe ta dlalarts eee! beearlc oc s enone Ge c 
motors. (See Motor control, principles, etc.) 
semi-automatic and automatic, belt conveyor service. 
GUNNA, Zikeraeticws ctulrerh vishal Obie e a icunests amen crow Dass 
ship- Ciiciee: SEpViCer I? oc ne ko ar gcc duitn 9 ae 
Converters, synchronous, commutation, kw. per pole............ 
Ininting i ee ws ge se ee 
Corona, apparent strength of air... 2... +2... ee ee ee eee eee 
critical voltages, visual and disruptive................. 
discharge (See Precipitation, electrical) 
COUALIOUS mnt tectnenetn emcneer) a an akelh cacirelienhap ten natin eae esetna yr 
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Corona (continued) 


formation. +)... sk eae) a eee eee cat Set ceo 1035 

alternating and continuous potentials......... 1056 

Bergen ‘Davis, theory: «xyacreaie oon ne ee 

bibliograph Vi voterw..chasalae) ok. eee eee 1057 

critical intensity and wire radius, relation...... 1055 

effects dollowing sha there eate: Tee eee 1064 

electrtosstress) equation, ae on meee eee 1051 

Corona, formation, Peek theory. ..)..........2) 16220 ee 

round wires, surface intensity equation....... 1050 

Strilingndistance men auean tn ae eee eee 1061 

theories: .guatteee pk ecaronot dha ae eee ee 

rhOwnsend Ss" theory a0. epee ne eee eee 1053 

vatious wire diameters, table............... 1054 

high-frequeney,\.\4 oy Sek hiahe - erie ie Bee oe ce eee 1065 

law, Gqla HOt ol a cisrcicte rte dat ete sane eee ene 270 

losses, calculated and meéasuredi.uy: 1442. ees ene ee 269 

rectifier, osc: , eh het, Baia etre, She nearer 1062 

spark-gap, glass plates =). es.piuad te aad ee ee ee 515 

visual critical voltage, effect of dirt, pointsetc........272 277 

Crane, foundry, operation, typical problem worked out........... 863 
Current, a-c., wave form distortion. (See Wave form) 

distortions skim) effectu meee ee eee ene ee 1954 

ShoOriecircuitecal ctilationl aa ae eae 47, 48, 49 

transformers, phasesneleiwm.:s0. etn oe ee 1585 

Gyclograph, developmient........x anteevea cic eee Aa eel 1637 

GHEOTY..; 5 2:3: Sobre ARE eebscaee evar ed ae 8 he A 1631 

used:as power tactomimete reesei are ane enn eae 1633 

Davis, Bergen, coronaglormation yh eonypere naa eeen ieee 1051 


Development, electrical, trend of (Presidentzs address), s0.0 5 ee 1023 
Dielectyic, air, strength... .. “yee duage Min pth ta Bip Pe oe eee renee eee ee 278 
losses, cables, effect on Cemperavurcey. eee eee 244 
insulation resistance after high-voltage 
test. oF GREE eh Lae 5 See h geaee 1687 
commercial cable, portable wattmeter method.. 1681 
cumulative effect... albncanks et os. eee 
determination, bridge methods................ 1688 
cathodeyray tuben. a.).4) ae eee OT 
cathode ray tube method, accur- 
acy of resullts.capeqs eee LOMO 
cathode ray tube method, calcu- 
latedsresults:42tsn a. 5. See OOU) 
cathode ray tube method, calcu- 
lationiotsossestmaameee oe ee 1636 
cathode ray tube method, cyclo- 
sraphetheonry qin vee ee ee 1631 
cathode ray tube method, cyclo- 
graph uses hay pape. en © joeelace 
cathode ray tube method, dia- 
gram of connections.......... 1630 
cathode ray tube method, mea- 
surement of current.......... 1635 
cathode ray tube method, mea- 
surement of voltage.......... 1686 
cathode ray tube method, origi- 
nal daitay.ax: wiere sey. ae 1649 
cathode ray tube method, poten- 
tial and current condensers... 1645 
electrostatic wattmeter method.. 1688 


electrostatic wattmeter vs. cyclo- 
graph 5, ' Pe eee: 1691 
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Dielectric, losses, determination (continued) 
experimental results. re 
insulation BN factor, + equation, 
dry-core telephone cables. . aa ets i 
empirical eGuations. <2 hoc MA. inh). Soe 
current vs. per cent moisture 
current vs. ha i apege 
current vs. voltage. . os 
power factor vs. per “cent 
TROLS C Uk Cana a eee 
power factor vs. ee eee 
power factor vs. voltage.. 
watts vs. temperature....... 
watts vs. voltage.. oe 
gas, liquid and solid insulations; comparison. ye 
oil-treated pressboard, current vs. temperature. 
current vs. voltage. 1656, 
effect of moisture. 
loss vs. temperature. 1656 


loss vs. voltage... .. 1655 
power factor vs. tempera- 
GRUDGE maeyen No eucec ney ate 1658 
power factor vs. volt- 
Bo Cy cnr anton on 1657 


ge 
saturated-paper-insulated cables............... 
varnished cambric, 40,000 and 100,000 cycles... 
varnished cloth, current vs. temperatures...) 
CUUMSIME WES WORRIASs 5 oro oa oa oe 
loss vs. temperature........... 
loss vs. voltage. . : 
power factor vs. temperature. . 
power factor vs. voltage....... 
Dielectrics, air, break-down voltage, continuously applied........ 
Dpreakedown stimerel ements.) ae: arene el ee 
imperfect, theory oft AOE AE SION HE arn deel rey Sais 
transient voltages, air films, strength... 
break- down, effect of initial ioniza- 


minimum potential... 
concentric cylinders, 60-cycle and 
transient corona curves......... 
concentric cylinders, corona gra- 
GicmivcuinVie- tele eee ee 
concentric cylinders, Spat ONe 
curves. 
concentric cylinders, ‘transient ‘cor- 
ona. ie Wee ie 
effect. . Se 
effect on solid insulation.......... 
GHISGES Cio Olle oo begets oo obo bite oo 
SOCIAL LLONGH tae chen emacs PS) Omens oe 
general laws of break-down, gaseous 
dielectrics...... ae 
general laws ‘of break- down, ‘oil 
and liquids. . 
general laws of break- down, “ solids 
high-frequency, gradients......... 
impulse break-down vs. continuous- 
ly applied, various gaps, calcula- 
tions. EE ui peoais Ss 
impulse generator. . 
needle-gap sparkover, kv. vs. time 
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Dielectrics, transient voltages (continued) 


Dimmers, data card, carbon lamp control 
tungsten lampycoumtroll maasacmey deen eee 
design, carbon lamp control. aes 
control range 
resistance step gradation.. 
value, methods of determination 


needle gaps, effect of wave shape. . 
voltage vs. spacing, 
various frequencies. 
oscillatory and non-oscillatory, cal- 
culations: Sse cre erie 1863 
oscillatory and  non-oscillatory, 
curves): plotted cee. ace ener 
ratio of needle to sphere gaps, effect 
of wavelshape shy: 4 -eicetiaeiae 
same front but different duration, 
effect on air. oh 
solid insulation, “comparative 
strength various mediums.. .... 
cumulative effect 
of impulses..... 
cumulative effect 
of be he 
1905 
puncture voltage 
vs. time, impreg- 
nated paper. 
strength vs. time 
of application... 
Spark lag ce racko cau ee eee 
distribution of potential. . 
insulatars with corrugated 
sutiaces 21.25. Peek 
1OnIZatIONS 4: 5h eee ee 
spark-over, concentric cylinders, 
effect of air density... 
effect of air density.... 
gaps in multiple....... 
“gaps in multiple,-rising 
WAV. AEN cr aihan easee 
heating effect ..0 ss: 
initial ionization...... 


insulators. . seems 

insulators, “effect” of 
polarity... ae 

needle gap vs. " sphere 
gap. 


needle “gaps, "effect of 
altdensitye., sees 
oil; disk, needle and 
sphere gaps, ratios. . 
positive and negative.. 
sphere gaps, effect of air 
density’ sees cee 
sphere vs. needle gaps, 
single half cycles, 
various frequencies. . 
suspension ae 
wet and dry . 
veltages, wet ee dry. 
sphere gap, effect of wave shape. . 
various types, 10-cm. needle gap. 
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Dimmers, design (continued) 
skate shoe feature. . 
specifications. . 
tungsten lamp control... See eee 
Masters eVemCOnunOlwser © weet: ie sak aes oe ere Se 
mechanical design, tungsten lamp control. . 
tungsten lamps. . : en 
Direct-current machines, commutation, physical limitations..... 
Distorton factor, combined. . 
variation with ‘amplitude of harmonic 
with order of harmonic... .. 
CLO NAGULO IC Meme eA AL Ee eceeys cnn ee en Be 
Gifferentialmecitia tote mvt ck 5 cia cies wie enn oe 
variation with amplitude and order 
Ole Datmoni Cts. or. eee concn 
integral...... Ry Che Sema cs OS aE eae a a 
STOWE NGI OS aN Sac Roe. hen ARO neten Oc eee 
variation with order of harmonic....... 


PEE OLUOH PACEOR Sra rein ah et tee GS he Ba ee eas LK bus 
CUiVeranG sna tio Ml Ca a wre tne city leis. oso 
differential and integral. . 

numerical eet tabler. a Baa 
Distribution, d-c. versus a-c., N. L. A. recommendations...... 
two-phase versus ee phase.. NS Lace he ORIN 

Dredges and excavating machinery, motors. 
Drysdale potentiometer. . A Pen Cn 
Electric circuits, inductance and capacity, abrupt “voltage im- 
pressed, effect: ... 2. 
in parallel, impressed 
alternating current, 


effect... rir 

in series, impressed ‘al- 
ternating current 
eflectrarermn. vJ0-ce 


elevators (See Motor applications, elevators, ete) 

furnace, iron and steel industry. . oe 5 cee 
Electrical installations, battleships, gyroscopic compass, wiring 
? diagram. . ; f 

coast wise passenger and freight. vessels. 
ferryboats and excursion steamers........ 
fleet auxiliary vessels and battleships..... 
freight vessels, colliers and oil tankers.... 
launches, yachts, tugboats, fireboats, 
Gned Geshe Ue Serta ate iy eta anon, eels 


COMCUT arenes a tei os 
fire-alarm systems..... 
generating sets........ 
Piel avphates TubsthnSg Ge oc omer 
PANO AHOISe UtiAo 4 Mh omoboos 
requirements........1- 
requirements Lloyd’s 
IG SISter wa eicgs s mes 
requirements National 
Board Fire Under- 
WA eTSiiteneeass can ae 
requirements Steam- 
pest Inspection Serv- 
Soha pete Reape flee 
submarine pare IOe set 
switchboards. 
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1739 
1153 
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1155 
1144 
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1150 
1151 
1152 
1153 
1147 
11438 
1146 
1148 
1157 
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2200 
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1845 
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1824 
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Electrical installations, merchant practise (continued) 


Witelesse, i) teen 1832 
wiring requirements, 
American Bureau of 
Nanay ONbaN eee Meee ay Poo ese, 
naval practises. wee. ocr ee ean 
COndUIE wet orn ene ee 1835 
RENErd LOLS og wee eee eee ee 1837 
MOUOLS cen Miteei cr ee ste eee eS 
searchlights and _ lighting 
TOS! CA ee eae ee 1838 
SIO MAINS y Sle Laer 1840 
Swit ChibOd tes aaa = = 1837 
Willi oS y,SbC mint eee 1836 
Standard) imarine. hee eee 1821 
submarines and torpedo-boat destroyers.. 1849 
Electricity, mill service, advantages.) ) ps en 868 
Electrification, railway, contact systems (See Contact systems) 
Southern Pacific, Portland Div.......... 1561 
Hlectrodymamometers nse nee PMR rie eat E PNM WIN Ds nie a MCS 
Electrolysis, overhead... 7, 2 ee ee ee ee 2127 
aliminiin wite eee 2138 2139 
concrete poles. Aga. 4ey se fee ee ATT 
copper-cladiiwires a pahit tea ee nena 2137 
creepage in) straimunsulators. | 4s) sae ee 2128 
PEEVE MUON sock eee ee een em TO) 
dissimilar metals 0" Se" 9se eee) re 2131 
effect on galvanizing. art ee ee 2129 
galvanized sy t yaw tee sae ia 2138 
Electromagnetic machinery, classification...................... 1391 
circular or. constant in- 
tensity field machines. 1400 
CONVCTUCIS at arnt aan 1405 
elliptic field machines... 1405 
elliptic field machines, 
power calculations.... 1407 
shunt-type machines.... 1411 
fevolution counter, .\.e eee ene 1961 
Electrostatic field, equipotential surfaces, square conductor....... 1 
Elevator service motors (See Motors) 
Elgin & Belvidere Electric Railway Co., substations, automatic 
COMET OL ee a pee eee ee be opttiits ee en ee ee cee 1806 
Bnergy.low. 3), ee eee 779 
accelerating?power,)-)nucm eee ee 785 
Tepresen talon aa rn 788 
alternating currents........ preset RADE a Wh ign Oa oe cs 2 784 
apparent power....... 801 
branched circuits...) 2 a0.) ee eer 804 
charging power, 4. »: > idb.cats iene ee 805 
induction motor and generator.................... 794 
lagging and leading currents...).02...00 0 ee 803 
magnetizing power... .. 5 ae ene ee 790 
TEPLesenta tio Daye Eee 793 
motor and generator......). aerereranty ahs BIS Himes Sat GWE 782 
oscillating cituits. 7; .., ae a eee 807 
power ‘factor... 1c), ee en ee 802 
rotating shait... 3." 7) pa eee ee 780 
synchronous condenser. |. a5) 6a) 798 
motor and a-c. generator......... 795 
thermal and mechanical and electrical..........__.. 781 
ivansformers’.. oa eee 799 
Lransmitting mediui.,. 0... 2 783 


Bngineer,shaiis of. Ter. ea ee .. 293 to 332 
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Explosion-proof motors (See Motors, applications, etc. ) 
Flywheels, application to motors (See Motors) 
Focusing coil, cathode ray tube.. SEte 
Form factor, constant, phase angle and E variable, plotted. anne. 
E constant, phase ABE variable, Power tye Ciseaaeashe 
equation.. DID SEAVER MEN BEN 2 a she 
diate OfyeeeRMlness na ous ohn cee 1180 
odd and even harmonics, effect of. . ane 
phase angle constant, E variable, plotted. . 
SIPS CAM Ca NRE. Sonik Mitt Mirena Sa pyrene! 
variation with E; and 4, isometric Er ONeo Oe 
various values, waves plotted... ... eg Of 
Foundry controllers (See Controllers, founda) 
Fractional horse-power motors (See Motor applications, fractional 
horse-power) 
Frequency, telephone voice currents. 
Freight handling, electric. 
Friction drive (See Motors, applications, ete. he 
Furnace, electric, development of iron and steel industry. . : 
flexibility and adaptability, value............. 
high-quality steel. : - 
high-temperature characteristic, value. 
iron and steel ae 
resistance. Sits 
Gases, Kinetic theory.. ee ae 5 Ra cae Re 
Generators 1 tip wl Sewer ere weeny cig town vroesc acts chat Meany tee? “OEE lation std 
diagram... Seer Mey ate FeO 
Generators, 3-phase, Tallulah Falls development.. ST Fe eee 2 
a-c,, high-frequeneyy tagionworke oy sir spud: agai aay 
parallel operaticn, 2- and 3-phase.. 


sion system.. 
short-circuiteehara ctenisticsem wee bees. ers sie 
SVMCMTOMIZIN Gamegear. «oe yiste nase. hss Che ee 
Niagara, cross-section diagram. 
» operating history.. 
slots, cross-section diagram. 
windings, deterioration. 
Union Electric Ligebe & Power Co., ‘temperature limits. 
Glass plate, corona spark-gap. Ng Ered oct vaatenare PELE cette 
puncture voltage. . Aes, et See 
Gulstad’s, vibrating relay, submarine ‘cable telegraphy .. Beet dered cts oer 
Gyroscopic compass, naval practise, wiring diagram. . 5 ee 
HA DerEtneo sy, Obs Ont CLCollislOns tierce mart al. cues eis a iecueqe eke ah eye 
Hausser process.... ON oo cnt oie aor aero 
Heaviside bridge, balance conditions, theory AS ea Notcaie ie 
Heurtley’s magnifier, submarine cable belegrapliy mene wei ee 
Heyland circle'diagram Bp RSet ihe Boece Sette haere ral Sheen ath en Syees) Sco \iins 3 oe Ses 
Hoist controllers (See Controllers) 
Hoists, a-c., coal handling. . 
air- ‘operation of brakes and clutches. . 
tora [St Oe mieyaay: cree steals ites Mchev aye ace 
cycle of operation. . iS eh eg ase ae 
lowering speed control. . 
regenerative braking. . 
special requirements. . 
Union Railroad Pittsburgh installation, 
descrip tiommmesy Oo itioe + rian eae 
deoushish-speeducoalstiyp cataract tt ta cetera oe 
skip, duty cycle. . : | Le Aare cg er co 
skip, inertia of moving Heater be: Piedad: . sider ok 
slow-speed ash 1 SYS: DO LOMA Cantar siete eis era) eo ens 
freight handling. . ; PRs, cil ae +e 


with ‘high- ten- 
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Hoists (continued) 
mill service, duplication of equipment.................. 
Hydraulic and steam power, combined operation, Penn. Water 
and Power Co., (See Penn. Water and Power Co., etc.) 

Hydroelectric systems, development, economical limits.......... 
supplemental powers S-see ee eer bet 
5,000-kw. New Eng- 
land: plantiise:: «toe 
available sources..... 
character of contracts. 
emergency operation. . 
function, relative val- 
WES2 7). oR LO eae 
functions and charac- 
LELISEICS 4.5 See 

load dispatching, 
40,000 kw-hr. 
80,000 kw-hr. 
100,000 kw-hr. 
180,000 kw-hr. 
Plat LYSE crake cre 
principal uses........ 
standby operation. ... 
standby operation, oil 
LVI Seat eee 


Tallulah Falls development (See Tallulah 
Falls development, etc.) 


Hysteresis loops, a-c. method, ‘¢complicationy J... 3.222. 2b... 
closing“oft 7, 2s Ts, saree deck eewte Sees ee 
position relative to magnetization curve........ 
Unsymime trical sn: hela tee ee ae ee 

analySis‘Of tests stn). seh aun 
comparison with symmetrical.... 
determination of magnetization 

cCurrentawa Vis ae. en eee 
energy cissipatedenn se eae mire 
ETrOTS OF LESU tone re kee eee 
high and low silicon steel........ 
increased loss, parabolic equation. 
investigation deductions......... 
loops with common center....... 
materialstested {ae se ei Ae 
medium silicon steel, log density 


vs. log hysteresis curves....... : 


medium silicon steel, loops 
TOUpEEH ATs, A TC RE ee 


plottedin2 Rae LAR iO ieee 

use of dynamometer wattmeter. 

variation with density.......... 

loss, measurement, test specimen vs. large cross-section 
PLCC OaE ne oe ee ee ne re ee 
relation to magnetic induction, Steinmetz formula 
sheet steel, a-c. tests, eddy-current loss....... Sh oe 
displaced magnetic pulsations, a-c. test 

methods eMreas cx 21M) sea ee ee 

displaced magnetic pulsations, areas of 

lOOpS.. wave arn ee Pe eee 

displaced magnetic pulsations, ballistic 

loops?) 228 Sl Ae ae eeanee soe 
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Hysteresis loss, sheet steel (continued) 

displaced magnetic pulsations, i 
tests. : 

displaced magnetic pulsations, effect . 

displaced magnetic pulsations, volt- 
second meter method...... sone 

displaced magnetic pulsations, volt- 
second meter method, diagram...... 

high amplitude results... : 

relation of displacement factor and dis- 
IACEMICH Ta omar oe cea cca eta eim he a 

relation to permeability. . Eye 

Steinmetz law, variation of coefficient 
with displacement. . 

Steinmetz law, variation ‘of coefficient 
with displacement, curves. ; 

and open hearth, displacement factor 
vs. displacement, UL VESey pene hic we 

Lkumination. streets. animation Of Sources... soe nee soot. ooo 
brightness and illumination bale a Le 
classification of streets. dterekts 


diffusing globes. . 
distribution, effect of lamp life. . san 
EME CLIVEST eS Ree eRe he oh cnet SOR eee Ore 
brightness, measurement of........ 
ChhEClIVEMesSH ca Ole Mae ee ee hartee e cote oer 
flood system. . Sauer ane pedeteder Nami ee 
improved SPA UOR ON ct acu de cee. 
installation tactorse e-cen gece Aone see ae oe = 
lamp types, distribution characteristics..... 
lamps and accessories, efficiency........... 
lamps and street surfaces, relation......... 
TOCATIOM OL UTES He Me ere iets oe, cgascyale sts Diels ars 
nature of age $5: 3 Re CR en Oe 
oiled surfaces. . 5 
power of unit vs. glare.. 
processes of seeing. . ba gees each pee wc eamne Be 
protection for eyes..............0ceeeebes 
DULDOSES Mee Me era enn aes one 
reflectors, distribution Curves.........-.... 
TESICLETICE SECTION ee ern reise atervene a 
TESiCemesy VIE WPOLAbee cece one te eee ey she ch =e 
silhouette effect....... a as EEN LE 
size of unit and space intervals. Sed votre .-\tetialtote. 
clalleirminstallatiommeee | re tens <r eesce etsyallcucl 
- specular reflection. . 
surface irregularities. . Pe a achelet Meant 
NESS LOS eM ercispei 710, Sakon lero ee tA eee ar 
Impedances, RMUE At nCASUTEMeNt Ls cch oe MoM ae ore eee ates 
connection diagram........... 
Inductance, mutual, calculation, equation..................++-- 
Lanse UbhReraalaline worl eae oe Oo paced on Ob wo OD 
diagram of connections........ 
SClbeImMeaSUrement ne. cclees seins stat theless is sob ane 
PWiiaeramvor connections papi ter 
Inductances, mutual, calibration. . ie eh lk rs ON ee 
design and Conetriclionont Mele. cree 
measuring ratio and phase displacement of 
iaAsath HAARUSROMIN So 5b oa emo necc oooe 
Induction motors, repulsion oe (See Motors, induction, etc.).. 
Inductive interference, arcs AAA reer, ey AA aaah US cae Peake oh cbaer 
ea abSqe. 60, OOUEv climes. -camineh ae coeken: 
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Inductive interference (continued) 
COMMiIbLee enor hae we tet eee Lele 
control [of resid tialicne sare. ae 
HuUbUTeMinvestiealionc mal. 
insulator capacitances... oe se 
power and telephone circuits, induction 
Det Ween >. te cee eee. ee 
power circuit, unbalances to ground...... 
reduction ofjsharmonicc saan ener ne 
transient, plien omens sae anne 
transpositions, effectiveness.............. 
triple harmonic residuals star-connected 
thanstoriners wo Touncded s.r 
Inertia. moment, motor geared to machine...................... 
Insulation, composite, use 


failuré:n.i oe, pees) See oe 
Intercontinental telephony é (See Telephony, ‘intercontinental, etc.) 
Interference, inductive, calculation of factor 


forgea bility, limits... sae yk eterna ee 
magneticand electrical properties, Hadfield’s iron-sili- 
COM ences alee a aa 

iron-silicon, graphic 

representation. . 

tests, iron-silicon, results... .. 

PIOPET CCS. | yan vee a Eee el eee eee 

AGING Cech at pleas. Canteen 

analyses of commercial steels...... 


compensating coils, correction factor 
effect of end coils 

position saree 

current, effect...... 

crystal size vs. permeability. ...... 
electrical resistance 


¥05, Aa Toilet ele, af ai ge Me (alte 
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Iron alloys, magnetic properties (continued) 


equilibriumediagrand yee ens 
high permeability, effect on ma- 
chine’ design..... Sener: 
hysteresis, analyses of results..... 
PINON Moco oboc ouocee 
iron-boron and iron-carbon...... 
dr On=COWALt c+. Moran oe nee 
hysteresis loops....... 
saturation intensity. . 
magnetic leakage, distribution. . 
magnetic non-uniformity, effect... 
magnetic testing. . 
material, apparatus ‘and methods. 
mechanical Sumehlia GRO ooo po ad ac 
mechanical tests. 
mechanical working, ‘effect... .. oe 
permeability, analyses of results . 
permeameter. Seba eee 
photomicrographs. . eee 
TingispecimMenis oP. Lea ee es 
ring vs. Burrow’s method of testing 
SH ouceeilonal bbe. G4 anh anlan bone 
sheet steel. ‘ 
Steinmetz law, limits of application 
strain tests, calibration of apparatus 
Strainebestsssresultsaas seme aa 


MAeHetIZatlOMNCUiy. Cs tein rta ere a ane eeasee nee 


mechanical 


properties, iron-silicon, annealed......... 
forced Aten 


Hons a Bae. 
tests, iron-silicon, annealed....-.......... 
forged.. 


permeability, iron-silicon, effect of SiliCOnseee 0. <3 


properties, 
Kinetic theory of gases 


two best iron- ‘silicon Be eh, ee Pea te 


Kenotron (See Rectifier) 

Lamp, carbon and tungsten, comparison of characteristics....... 
incandescent, candlepower, a-c., vs. d-c. operation........ 

Leakage flux (See Permeance, leakage flux, etc. a) 

Lincoln, Paul M. (President’s address). . ; Oh 

Woadicurvewty pical power systema emer nent. catnratian Serge 

Locomotives. electric, commercial lifesss:.:. Js 004 Vee. os 

TMCTCES snare : 


PASSEN GE Mlseria y= ola 
repair statis- 


statistics.106, 117, 


tics104, 112 to 116 


anes .104, 
S WAL CULETS aud meee ete 


Sie phase, (See Railroads, N N. AORIN Teh cal ale a 
steam, power cost. af 
Lubricants, motor bearings (See Motors) 


Magnetic fields, decomposing, common field ees Bt cl ae 


composite waves. 

higher harmonics. Sn REG 

interrupted rectangular v wave...... 

interrupted rectangular wave, com- 
MletesequatiOnl. 22). welatasmetsie te 

interrupted trapezoidal wave...... 


122. 


74 TOPICAL INDEX 


Magnetic fields, decomposing (continued) , 

interrupted trapezoidal wave, com- 

pletekeqiwations 5 .c-7s enor 
interrupted triangular wave....... 
interrupted triangular wave, com- 

Plete equation) .es-5 eee eee 
nthehanmOonic-ss cts ns eee eee 
practical wale. cee eee 
rectangular waves a. aarti alee 
single-phase motor stator field, 

SQuatiOne Hilo eae ee Oe 
trapezoidal, equation. +.....6 4650 02 


fundamental and 
resultant waves 
edefficients......: 
trangulartwave...csse ae Maeeenae 
various wave forms, equations by 
Gregory; S:SEriese. «ham eee 
electric machines, interpolar regions............ 
subdivision: oOfteee eno 
flux distribution, concentrated armature winding 
mainstounterpoless wa. cn see wae 
pole flank to armature, graphical 
determina tone ar san tes tee 
6-pole, 4-pole, 2-pole machines, 
eleiwarimature COre see eee 
transforiiver!) coresus aie eee eae 
under alternator poles......... 
higher harmonics, effect on iron losses........... 
leakage flux distribution, round and rectangular 
POLES s Ate A i ag eee 
ethection poleysaburatiom sa. )4qec ae 
reluctance (See Reluctance, etc.) 
aren trapezoidal, etc. wave shapes, existence 
) 
two-dimensional, accuracy of assumptions 
forces (See Conductors) 
properties, iron alloys melted in vacuo (See Tron alloys, 
magnetic properties, etc.) 
pulsations, displaced, effect on hysteresis (See Hysteresis 
loss, sheet steel, etc.) 
Magnetizing currents, transformer, harmonics.................. 
Magnets, electro, mechanical pressure, equation 
Marine electrical installations, standard 
Maximum demand meter, Lincoln’s 
Meters, excess: watt-houf V@1s, jo) aceon | Le ee 
Lincoln maximum demand, advantages................. 
conduction of leads..j....... 
COnWwection loss. aaa 
diagram #> Saw eee 
differential temperature, mea- 


SUPECIMEN Gace a ae eae eae 


man laws ss eee ee 


heating effect, derivation of 

formulaic se a ss aie eee 
hydraulic analogy........... 
logarithmic average meter... 
nature of average measured.. 
period (of demandes. eee 
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Meters, Lincoln maximum demand (continued) 
physical size vs. time required 
LOMRCATL Cer RIny. 20s sur sMeer ee 
PrIECKp letra tes ee ake eee 
thermal feature, diagram..... 
thermalmchisatingae lanes soe 
time lL Tesponse’ 22 o sas ss : 
iron wire.... 
various ma- 
terials... <. 
; uniform scale, reasons for.... 
REACTIVE ICOMMPOMESIOM NAR tetetene, yaw Sesks Gieis« vem)aicte ile elshlens 
Type H and logarithmic average curve, comparison...... 
Geman Geamtdteal OM Meat ste: electors accent tse eeuce « 
operating elements, diagram .. 
Wright demand, change in volume of liquids........... 
Gia sian peewee RM aos AS. Spee tes 
ATACOURACY Marion Pec Iae cdcheian etre iio lw ae 
timexcharacteriStics..-.. 5.04. «nk. sss «2 
Mica insulation, armature coil, effect of intermittent service...... 
iveatieexPalisiOn wanmanasee ons 


Niagara generators, actual copper - 


WESURY OSS RE ONES. coe Gud Glo ae 6 a Goad aamic 
Niagara generators, armature re- 
acta CeretOrtyear aa) wine. aetae 
Niagara generators, condition of 
HS il ent teense cee gear apteres wae ae 
Niagara generators, effect of eddy 
Clirrenits On mem pena tures: jeter. 
Niagara generators, length of ser- 
vice vs. temperature......... 
Niagara generators, location of 
thermocouples...... OSPR). <9 <1: 
Niagara generators, losses in cop- 
[oer Grin OORS GUI. oss c woe dao 
Niagara generators, maximum tem- 
jOSENOBUNES Alo. oo dol Oto anc 00 0 © 
Niagara generators, open-circuit 
VEMUPCTAUUTES Mn le w=) apetor 
Niagara generators, temperature 
Lestnesuliestmre i 2. $e cee ace 
Niagara generators, temperature 
HESUSH Oba pill ChlOGmees wee enue = 
Overloadicapacity effect... oe... 
safe temperature, effect of con- 
ductor arrangement.....:2...-. 
standardizing limiting value...... 
temperature, safe operating....... 
‘limit, mica-and 
paper - wrapped 


inetilatlonenwreare 

limit safe, conclu- 

STON! taehatee emet ies 

temperatures, effect on shellac 


Clem sat. ew krstgccue al ticle eu elec 
Union Electric Light & Power Co. 
generators, temperature limits... 
safe temperatures, factors to be considered...... 
use on high-tension wire wound armature....... 

Mill controllers (See Controllers, mill) 3 
Mills, electrical equipment, cost limitations......-....--.-+++: 
Mine hoists,, controllers. ).2. 0 Jie. b ee et ee eee ee 
Moisture, soil, measurement..........-- +s ee enter ete sees 
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Molecule, diameter 
Motor, acceleration 


TOPICAL INDEX 


currentiand torque cunves ©... .4) eee 


applications, brick industrys:..0. ae 


complete equipment, responsibility......... 
Costel: Ceaeere ire cme MEN Rect attic cts 


arrangement of sheaves.......... 
d-¢y motora 324 ae ae ee 
itibrication = see ee 
selection of moron wee aan 
sheave and rope loss............. 
stopping...... 
worm drive of 


rent eave eee. 726, 749, 
d-c. and a-c. distribution. . . 
duty cycles. eee 


explosion-proof. ‘ ‘ 707, 712, 
frequency .737, 742, 744, 753, 
friction drive... 


intividualvs. group drive.747 


link-belt silent chain....... 
phase...740, 748, 744, 753, 
refrigerating machinery... 
Dubber imdustry sss] eee 
safety and insurance view- 
pointy, AERA ees 708, 
safety, control equipment. . 
motor equipment... 


SUMIMATYE Fo ne Peed eee 
two-phase vs. three-phase 
distributionwe =... eee 


voltage. 


LTO VETTE eee ee 
temperature: cae 
TESTS < cghn meret keee eae 


freight handling 
grain elevators 


Consolidated Elevator..... e : ; 
cost data 


.739, 742, 744, 753, 
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Motor, application, (continued) 


oil-fotation: process ates 5. cead.  p Re 
paper mill industry. . ok ipa anes 
Piinting presses. -; UPR Oe a 
job aud'tlatbedeeeenin a. |e 
inthoe rap cae einen 
fotary.sia eee) Bae: 
rotary newspaper........... 
rubber industry.... s ie he ‘c : ea rae ae ora 
Sugaruindustry stint access BR ee. 
the Portland cement industry: Hp eee. 
U.-S: industries; statistics, tables. .22) 0, 2 
various industries, points of interest........ 


control, a-CICONCACTOLSes, manu ete. Pa ae ee 


building equipment, proper specifications........ 
Carbomicontactsans wee een Re 
contactors, magnetic blow-out..3.65..47........ 
Conbactcsyvdiperand rolls nee ene ne oe 
copper contact. chek BaRc tae eae Mamas te sheers 
countére, m.'f. methodGtacnuce terse 
curren talimigemieyh OC ieen nace Lert ene enenney 
dynamic braking. ’ a soe Ch ee 
high-voltage a-c. Comba Rau wastes ices lwiee os, 
drop-out relay.. 
industrial contactors, various types............. 
manual, dial and drum CYP ESR ene 5. cee | 
ViStaMASTELLC 50 meee EAA Mand N EMERMMS 
prnciplessand svstemsemepee Ceara weenie = 
rapidity of operation, steel mill service.......... 
resistors, heating and cooling curves............. 
femperavice coeiicienteee. Hanne 
CY PES er Vac eI oe ON inh 
reversing blooming mill drive. . : 
shunt coils, intermittent and continuous capacity 
slip-ringemiOtOr. ues. come Att ean) Bee ee SIR ae 
squirrel-cage motor...... 
time-limit starting. . beds §) 2 ta cae, AE 
voltage variation method ae ROU HIM a, 


Motors, a-c., classification. . ' Rice el o4O 


based on “energy, torque and deal a cigs 
Coinedsmainicmetiocd arene ert ten 
Creedyesystemts RG JOP aan : 
yn mies SLOT EMEA ns teste sk Pt Aha ee 
rules followed.. 

single and polyphase division. . 


Standarcizationlwya shale. eee. ee em es 

aay lorisy stemisaeeewee hs. 8 alee ved exe 
COMM LCD EO FPee eM Ros eect panera eo oe can, Se atin 
speed wégulatiomhcchia. cis Mod ron 

elevator service, speed characteristics... .. 197, 205, 
INGMCHOne Chaha Cher suics sme = een. .4 wee 223 
concatenated, characteristics......... 225 


CHONG SS HEMT, nwo ong Bop Gkane noc] 
roll-table drive, two small vs. one large............ 
LOLOMEXCLEALLO Maa eet Meme teres th utituans spehsmnra "uch a as 
speed regulation........ pce Pact cap isis Seg ib 
synchronous, characteristics..... CIE hic Oe 
: Stat OLN ewer ec hori nent 

disadvantages overcome............... 
HELA LIONS MPN n ie ie ois) e ccc. s icity ayn eeu s 
OQPSLaciie hea CULES = sv. polcea wey horse enter Aatlel> 


applicatons yaks. wek es. BPN WE ieee onion nite wipe + icles 
application growth, statistics........ 
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Motors (continued) 


bearings... 5. Coss «. «pee oe kOe See aOR toe eee ee In eee 
ball and ‘roller, veten tone sen eee ne eee 
lubricants sed i... wanton eater Coen ieee 
materials used.j. wee: ory.s picnic cleene ene eee 
methodsyoiubsicagion: cee oe) ee ene 
brick indtstrysn. 2. tiee eas. oe eer ee eee eee 
cement industiymecmangeee =- ao Oren oa eee 
characteristicsiic@ sane aya tet ee eC terete 174 
classifications , <s...0% ce ead ors ern re eae Eee Oe ee 
d-c:,characteristics (<q qnaceh Sabre aan oe eee ace 
COMPeNSat ed sastya: Hu. és sated AE ER ee cae oe meee 
CcOMmmiuutating Olea, saps tsb eae ene rae cored aks 
Commutation : 0c ....au tls io ce ee eee eek cee ene 
GfiClenCY-Aitc.atts ccamexte: Paro epneireae a ae ee 
elevator service, armature fly-wheel effect.......... 
commutating poles pyciseee ao ates 
dynamic braking...7iiotiyie ee ee 
PORTING O0s a afar tei sd eaten 

gearless..... 
power consumption. Seby Pe xjagaiaus she a lake 
quiet operations aesast lane 
LALING yy i <rsealend eae ee 
FEF ENETATION oe some ha. See ee 
Speed regulation, leper ee oe 


speed SOROREsS characteristics. 
Weaine and ventilation. . bys eee sakes 
hoist, compound, duty cycle. . 
industrial applications .as jut Me oat eedg. Peet ee 
inertia and speed-time relations................... 
mechanical characteristicsemenssys 4 as oe ee 
railway, flashing tone. 2 Paeea e eeeee 
Speed-torque characvenmctics aac! aan rare eee 
stability ieee, dean deestmerer bis ee ee een 
dredges aoe excavating machinery 
drive'advantages..;.....2. 1. os De Se ee ee eee 
elevator (See Motor applications, elevators, ann 
starting efficiency? Fin iit sina ee Be tia oe 
starting torque vs. running torque............. 
evolution. fay ay asék sei ciie Bee ee nl ee ee ee 
fly wheels, applicationtcvascknretn Better oe Tee 
fractional horse power 


application, classification. ........ 
development, causes. 

. induction.. : Pease soars 

relative characteristic 

Chiat ne <n eee eee 

REpulsiom ester ereae ee 

split phase, current dia- 

SramMeE) a wey eee ae 

manufacturing limitations........ 

Vatia Onssess «er 

tating and capaci..." [2s Sn ee 

‘series Lge fe sy Esde GHG He Ie ee 


Bet design, circle diagram....... 
squirrel cage vs. wound rotor.652, 653 
starting, dash-pot adjustment....... 
starting. peak oy). aise ashes eee 
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Motors, induction, elevator (continued) 

torque and current, Heyland circle 
Gel Oran lagen tees oc ce coke eaten aR Rene 
foundry, speed-torque curves............... 
MASEL VICE el eRe PAO Re eee hate eta taT ss 
DO WEI LACLOLS cus ecte were eete. ho oem teeta aa OMe Pet 
rep ulsiompstartapyar eet aco os teae. eee ete oe Sr 
ampere-turns calculation....... 
riishesetting ss cern eae ae 
Gihdel Weucblayercenaave les ouai nig iG ain oe 
external characteristics........ 
eldeotapplicatlOns. 0 aa. aoe 
flux-horse power curves........ 

increased armature resistance, 
NAITO a Bi Bub ccs ct ROR oe ORO 
dcronslossiealemlations=. -m «ams 
magnetic circuit calculations... 
maemetizavlon CULVES: 4-2. 22) 
imechanicalidesigm: ars. 5 oe 
performance, predetermined.... 
performance calculation........ 
Perlotimance CULVESA. «+. 
resistance of field and armature. 
EOUOL COMper LOSSES. ae ane - ea: 
SharuinpecharacuetisbiCS... lsh urs 
temperature rise curves........ 
torque efficiency at start....... 
torque-horse power curves..... 
torque-speed curves........... 
weight, size and cost.......... 
WHINE CONGLAMCcge ty) eye) renetcn al 
witeclamo* Galtat ais cepeletsnec cy:eeeee 
squirrel cage and wound rotor, line disturbances 
CEWUISEGI NON avo co cht geoks cholie s16, cetacean SHES cho 
plreOrevicalvoperaviomlae. Gat soe uae > «oe = eres 
voltage regulation limitations...............- 
aati PCOS illo... locos cho, oka SPOR > OL Biotec. OIG AOE 
PEAR PAIOY COUALIOM (sarees tthe raergOll, 
blooming, two motor equipment, advantages........ 
COPA? OH ChXOMMG Olas 6a og so do do deco cobb oouo 
current-time curves, typical case.................- 
fywheeleitectmnaqwsmen ce cele ie pert hel a estas eee 
gear ratio, distance travelled during duty cycle...... 
LECCE ene Pate crt cebniote beret a setts etal Se 
Te /OSIMENGOM, Oona hee oe aoone to pOoU ao a0 
variation in friction load........ CHALE 
horse power-seconds determination.............--- 
earn) Opel, GOPENO, 50.4 Sa ao dagen oboen de HD e woe 
moment of inertia, determination.................. 
(RDICHKEIS Oli CATIENEIOIN. 6 5.0 onc Gabe on One Oo Boar oe UpoInoe 
retardation, gear ratio, equation..................- 
reversing, blooming mill-tables............:....-%- 
machinery, duty cycles... ......2.-- 5. 
roll table soperatingIspeedie: oo... wee ae ee 
speed-torque curves, typical case........--+++++++- 
starting, time required, equation............-+..-- 
stopping, time required, equation...........-..---- 
whole IKovexsl, Cele RBREKosila o 2 Cais tee bo on OOD Ue Neale oes 
oil flotation process (See Motor applications, oil flotation 

process) 
operating features... 66084 ne eee ee ene e renee 
ore handling (See Ore handling) 

paper mill-industry.y 2.4. el ie eee een ees 


79 


80 TOPICAL INDEX 


Motors (continued) wea) Pact 
printing press (See Motor applications, printing presses) 


Taline. ave ee 
limitations. + ss.a7qat hee es SO 


formance y =e eee 
speed-torque curves.... 

2-pole type B K, diagram..... 
commuted winding eee : 
compensating vesm: tai ei 
development and theory....... 
etlectivienonducn:  ..—. = 
improved power factor........ 
leakagetfluxest= tae ner 
magnetic bridges, rotor wind- 
LOSS. Mae, se eee 
IMA SMICLIC Meldismee ts aie a 
no-load power-factor curves.... 
running connection perform- 
ance, interrupted compensa- 
CION! esc, oe GRR eee eee 
running connection perform- 
ance, interrupted compensa- 
tion and commuted circuits . 
running connection perform- 
ance, maximum compensa- 


series transformer connections. . 

small starting torque, reason.... 

speed-torque curves........... 

starting and running connec- 

LOIS ri changes haw Noel hoe 2 

static torque curves........... 

working characteristics........ 

standardizationius, juecee oes Le 893, 908 


Muirhead relay, submarine cable telegtaphyaeety..oeiet. meee ae 
Mutual inductance bridge, construction and ALEAn eM ent eee 
telephone detector, sensitivity........ 


Nernst, equilibrium determinations........................... : 


Nitrogen, atmospheric, Birkeland-Eyde process................. 
Axation... ..... 9) Aeneas ele, beeen en 


COSESs:\ 5, Rud Cer iy eet seed ere 


COSSES siz 72h a. MERE. pene ea eae 
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Nitrogen, atmospheric (continued) 
Rauling! processiete «544+ .5.4. 60 eeeeer 
processes) efficiency and losses../...... -. 
limitations, theoretical........ 
y, power-factor and electrode wear 
sources of chemical energy..... 
Schomherr process... acl eie seen eee 
Serpek and Sie Sean ben 603,604 
dissociation, rapidity. . ’ 
dynamic equilibrium theory. 
products, ammonia. HN 
Chile saltpeter.. 
Nitrogen, products, commercial. 
available. . 
cyanides.. 
Neves ND H&A RR. Re contact system. . 
Ocean telephony (See Telephony, ocean, ete. vee 
Oil flotation process (See Motor applications, etc. Li 
pumps, triplex, Tallulah table development. . 
switch, capacity.. 
switches, arc phenomena | ‘(See Are phenomena) 
Ore handling, a-c., synchronous converter substation......... 632 
VERSUSLE=C 4.) ts ee Se 631, 639, 
application of pe ips Bo ba ea 
car dumper, fixed...... 
movable. 
forces encountered...... sun) Maa 
friction and acceleration forces, equations. NEES 28.7, 
Hulett unloader.. j s hipmekd ena pete 
motor characteristics, calculations. . ree ee 624 
THOLORS milypyeClEch ect eam aaa hme nr et rane 
SEAL Tati Osi... HMMM. Fae RN AR) aE Ne 


interpole. . 

lowering and dynamic braking. : 
LAcdialingicapaciiy een eee 629 
Selectionvon iy penne tee 630, 634, 
solenordi braces Sere, cere eee et, ene 
Sparking yew eyeee a 3 os ee 636 


types of control. . : Sn eole Hishare 
movable car dumpers, location of motors.......... 
plant, loadkcharactericticseetss.) 454.04 an ene 
troublestelectricalMers, ) sues. ea eso 
powerconsumed woharces-eem tee -e ye ee te ee oe 
trolleyespeeds ge Hermnrseannienmene = are he nk bk tke 
unloaders and gantry cranes, location of motors.... 

Tehancdlerceeeen. Mt </e ess Ss 5 

Oscillator (See Porcelain, electrical) 

Paper mill industry, motors. 3 

Parallel operation, 2- and 3- phase systems. . : 
phase, voltage and cur- 
rent relations. % 
PAtalin Oh PLOCESSEE aii cians lee MAROC ected MTEL NED Ste pee Ag 
Penn. Water and Power Co., steam and hydraulic power combined 
6 steam and hydraulic power com- 
bined, daily load diagram, January 
steam and hydraulic power, com- 
bined, daily load diagram, March 
steam and hydraulic power, com- 
bined, daily river discharge....... 
steam and hydraulic power, com- 
bined, load curve two steam sta- 
TONSS LOW -Walbereere tes eis eran 
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Penn. Water and Power Co. (continued) 
steam and hydraulic power, com- 
bined; sload- dispatching. 7. = same 
steam and hydraulic power, com- 
bined, meeting growing load con- 
ditiotigm: i tot con cian eee 
Petmeameter, descriptionien..: saan a meee ie eee 
Permeance, flux distribution, two adjacent teeth, plotted......... 
fringe flux, overhanging field poles to armature....... 
pole flanks to overhanging armature...... 
shoe flank to armature, equation..... 
teeth to armature, deep slots, equation... 
plotted...s. 
leakage, main to interpole, equation........... 
plotted - i. se nee 
internal fringe leakage, slot;:equation:..¢.) 1.11.7, 
plottedist sec).c-GGeehe 
leakage flux, armature, field removed, equation...... 
= plotted .).3 cree 
rectangular-poles to neutral plane, equa- 
ELON cm cnet bs. teeth) cae eer aie Serer, 
rectangular-poles to neutral plane, 
plotted «224 3 ae eee 
round poles to neutral plane, equation. . 
plotted.... 
slot, comparison et-formulas. 55. .4c000 
pole-flank- fringe; width. Mellen ene ae 
pole-sidetleakage,eqtationszss) .cku-t) ele een eee on 
plotted. 4::.: j7adiaadeea eine 
pole-tip fringexequation:. (..acersaeen cee ae 
plotted.2.455 So. eRe aeadere:. 1094, 
tooth fringe flux, equation........ BS ee ee: = 
useful pole-flank fringe, percentage................. 
variation of flux, opposite and remote slot positions. . 
Phase angle, current transformers 


super-spark potential vs. arcing 

lengthytonmulastea- oo ce eee 
high-frequency vs. 60-cycle tests..... 
oscillator testing minvaig: wale ee 


puncture voltage under oil....... 512; 
smooth and corrugated surface com- 
parisomgsisdans..ninlaktee SoBe ee 


surface examination, potential gra- 
dientitestsinaa.t (ela SsAEeteeee 
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Porcelain, electrical (continued) 


MeawS, etadatl Oils Samah evs altel helt. een seer 
CARWANI Nerina Cis Mad Maas Leni a curthche Oa cod Uo 
high-frequency, testing, large vs. small insula- 
© EOS Mee oa ie, = vase, eMtew areas endo 
homogenity-of/structure.-... 05. -5----....%- 
HOICAOSMIS Shane y Ne emad Gado codrkeycmn yoke 
AIA RAC EU MAT et hel ce tte na eters MAL. Seite leas 
WEG. VSHICrye PEOCESS Ameer. ra eher 

mechanical strains, detection................ 
OS Cilllertom testing emer et her ear eutrarTciesete 
CADACIRY OUSCUS aos ssa sae Fe 

controliot voltase..7...1.---. 

corona streamers and sparks 

EMME CHS MM teers © sigsyoten nteuee 

danger to good porcelain..... 

failune;pencen tage... see. 

growvnsot COrONa.. 2... / 7-42. 

heatingeeieety v.21... as ee 

insulators in strings.......... 

insulators in strings, location 

OREM OTCLULES yates a ae aie oe 

measurement of voltage...... 

natural frequency of set...... 

operating conditions......... 

pobential eradient.....s0.--- 

puncture voltage under oil.... 

SOULE WAR neem nals elle crn ats 

ChakAacvenstiCS. wan. 

Seventy eradations.....2.. 

superposed high-voltage, de- 

tection and measurement. . 

suspension insulator, skirt 

NEOUS g a2 d Ses b oneecle SiON cbae 
huavakersxonl Mer 15 4. uecea elo. c) 1 orn cio 

proportions of ingredients....... 
puncture holes, NVI Clit CaM Rate cal esrctete= a 
voltage. relation to thickness........ 

voltages, comparison with glass..... 

relation of process to dielectric strength...... 
strains, hot.andwcold test......---..---+:+--- 
test damage, good porcelain...........+-+--:- 
pieces, form, selection..........---+-++: 
testing, arbitrary TELM OGUSE Ah, cotter Sere el 
comparison of methods..........--.- 
LimaitineetactOns enn ir). ay- ti tatters >) 
long-time test vs. short-time test. .... 

objects in) giewtie WN... es 
PARloLorell Sab eG ek cla eo pale ao oe om ame olor 

series gap method..............----- 

special methods.i......-...-.- ee 
Genaclenncbachnlenlcucus ope aodomome acc 

ee OUMIMETACS alae ein ereres is 
value of high frequency...........--- 

GOS GE reget scone 

voltage impact method......... LOS, 
WiTelESSrOULtiltes cleeeteetee: . <peloweie alerts) ers 
theoretical shape.....2. 00+ 09s ieee 
13,000-volt system, failures...........- .558, 
ats HICAIOR Sit: LA. SR eh. vs ha se oA Se 
wireless service, testing.........-.-+++s1s 0 


Poeentiometer,, DFY SALE nc) uteri ms as Pm We sv oe wih oe ee 
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system, id-ci; highitensiongeae ies eee nie een 


advarita ges: Jinru S0-elaan | ee 
disacdvdistaw esueuirseici® «...00se ae 


load. Curves ac, si jah Gos ates aes et ee ee 
short-circuit, current approximationepenuews..5. se 


Precipitation, electrical, applications< ..%....t4105.,18.020.200 


losolilofmen glen, coy ac ss lee lens. 455, 456, 
black smokes. cc atten. ae eee eee 
chlorine,gas......:'... ot ae ee 
collection of volatilized hydrochloric acid 
corona, alternating, positive, negative, 

effectiveness) 3.4 +. ay ke ene 


- earliest’ experiment... Boy osc: 


early American investigation en tee Mi 
eftectuofifequency.:....2)s dee ee 
electrodesdesigns.:3 A). AA MASc pee 


histonical@sketche: Homeless... Bons 


polarization theory 
power loss data 


gasesdatare see . 449, 450, 451, 
structure ofmatter, Gy, eaelee. alee 
technical situation in 1912...... tee 
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Precipitation, electrical (continued) 


theory.. Pee eee oils ° 409 
Tooele, Utah, installation. 2.......1.... 432 
transverse velocity equation: merit 403 
two-section precipitator, data........... 446 
use of condenser....... Be ote ee 462 
variation in current required. Saeed: SORRAR 437 
voltage, sphere-gap measurement........ 442 
MOE SESS nck wee E eins. 0) Amis wre eum 426 
Washoe Smelter, Anaconda installation. . 433 
ZATCR OAC CRE UTC G MN te en | ia eet 430 
forees acting =.) .. Nee oOT 
mathematical determination of forces acting... SOS 398 
methods used. 398 


Preservative treatment, telephone poles ‘(See Telephone ‘poles, ete. ) 
Printing Press Motors (See Motor applications, printing presses) 


Public atilitiestibasis of sbest:control see aces> aoa < aclev «0 cc.2. es 167 
PU SMmeseimLerest ae ees wien 4 Sotahhe dod tiaie Me 146 
CLASS eTA LOS a ong ee irene sete deere mew) ee Sy a 149 

average cost of aay residence Sense 163 

classificationeceis en Sete ties 160 

determinations. cision pieekit 154,; 157 

Gaviensity tact Onwaam mon Reene scar ae 162 

economy. BA ihat nan ory 165 

effect of power consumers. epee eee 160 

low rate incentive. . eee Sar are eae 164 

Mew, DUSINESSae eae, aCe (3 ee 156 

principle. . Le EOS «cha. he od 161 

relative values... a Roe Amare ae 166 

sub-station power ‘charges a NG Ee 161 

HS Gin vestments Saber. “voheriaeiteia ss sola. 148 

POWEerMnducementss tee Meee re nl enicrton 146 

rates vs. railroad rates................... 150 

VSsligih finwera FeSne ine g ta cwts Wocusietes. dabei 152 

tatendetermina toners nares. aaa aie ale 147 

utility management, municipal CO-OPEratiOnieriacinealttaehla =: 2533 
municipal co-operation, extensions, in- 

creased land values. Aiea ate She O46 

municipal co- operation, extent....... 2537 


fixed return.. 2537 
fixed return 


with city 
participation. 2538 
Glasgow..... 2548 


gross earnings 
to munici- 
palpurposes 2442 
increasing in- 
vestment.. 2534 
Kansas City 
planindeeee 2543 
limitations on 
extensions. 2541 
Los Angeles... 2545 
regulated mo- 


nopolies... 2536. 
sliding scale.. 2539 
Teronto..... 2547 
Pumps, mine service, control. . Gee, Mssee hieaeEy sy. sa: LOCOS 
Radio telegraphy (See Telegraphy, radio) ea 


Radius, gyration, mill motors. 2 
Railroad, electrification, administration. gi ERC Ne POOR ds Sine 701 
demcityaotstratic. tamer n aes 98, 141 
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Railrcad, electrification, rece of traffic (continued) 


Railroads, electrification vs. improved steam operation 


analysis. %~ 1 See ee 

CCOMOMLY Usd Wh ad vO RIDE ete croton 98, 

effect heavy freight service............. 

fieldroffapplicationansts.....> 0+ ea nee 

load factor actiheeectG sel ence rae tee 

locomotives, commercial life............ 

N. Y. N. H. & H., construction cost sta- 
biStiCs eae 108, 118 to 

description. . mes 

factor of safety. ah ae 

freight Service... ...:. 

freight service statis- 

tress Se aO6 F173 

locomotive cost...... 

mercury rectifier..... 


passenger engines, re- 
pair statistics 


104, 112 to 116 


passenger service..... 
passenger service sta- 
CIStICS =. eee, eel 
power to operate all 
services, statistics 
05, U6 i al22- 


problem's. a leteee 
SWC TTS einai eae 
UiNgiCOSLS nee eens 
persOnnelantgee A Mes oe oc eae eee 
power sources. eee 


station depreciation . Sein Wea om 

reliability. of Service mgmt teheekene en teas 

single phase advantages........:...... 

standard overhead conductor........... 

SUCCESS VIEW POIMtSHM Nel eeem ene ha tese 

steam, locomotive:poyger! costs (20 20 oe ee. ee 


Railway substations, automatic control (See Substations, auto- 
matic control) 
Railways, electric, contact systems (See Contact systems) 


Rate determination, cost of service, distribution 


third rail, 6002volt. 509.2... 
generation.......:+.sns+se 
load variation, daily........ 

seasonal...... 


commission regulation. 

development vs. application of theory....... 

divisionyof Costs: cee nck eee 

growth factor 4). skate eee Ee eae 18 

definitions: eee 

multiplex, consumer classification.......... 

value: olisenvice t heonyereemnn ern ene 

making, combination demand meter... .° 00... .:250- 5-00 
commercial man vs. engineers standpoint. . 

composite rate, simplicity 

consumption factor 

cost factor 


Ce eC eC a 


Customers Charger. fps iissfendaciee wae anne 
customer’s demand vs. system demand....,...... 
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Rate making (continued) 


demarndimetersavanlous ty:pesia: tetmieiakere. «cree 

Civersitys tactOr iy eMaGen, orec tans syem an ota eee 

excess watt-hour meter........ 00.000 cee esses 

facLOrs tOnperconsideredwentmieietsr hake chides edie 

graduated consumption charge, Tennessee Power Co. 

haltshounloadscunverme tod: pasar came teers oe 
heat-storage meter, ascending and descending 

CUEVES SOER ft nash arnt ace. 

CONUTLACEs SalI de: Soar aeiete eee 

vs. curve-drawing meter, accu- 

VACYI Ena ko Rei ee 

vs. curve-drawing meter, relia- 

biliGyeancdecostepaest-ts ei iri 

Hopkinson method, maximum demand........... 

HUCTEMMEMCECOSUSLE RET ATPOSE saucer cae) ont aie a eo Ss) craet tc ays 

iM VEShIMen ts MaLeNOLOebUPi. ply elekt. aiees os evans ole us i ane 

Lincoln maximum demand meter................ 

LGACHEAC EOI Mes SET EP Tame Gitace ete es «sya eo eh aUaIt aie 


SV aSL Olea SUPER phtoee jin se se usla ue oe aiveliecs 

maximum demand, length of demand............. 
percentage customers requiring 

tM CCST EW LAelth: hue shite checked ol gats 

EliIMeNOMOCCUMieN Cen. een. ah) are: 

LACEOMP{UStICeOl a eee ice maer = 

LOSI CHOL sn .gae ens eo 

indicator, desirability......... 


disadvantages.meemeias -e 

use at junction of two 

SYiSUCIUISH -pehaabave etait hen: 

seion d-cs.circtits!s.y. >=. 

DON aeRO nga eae ou de COU onenopone no wo ure 
reactive component meter and wattmeter combina- 
HON A OUAe El es Rae ie esas ha foteibereha te, = 


reactive component meter and wattmeter combina- 

Oia, Ska SOMO. onc anno mdpacd su odcumod ob oc 
residence load, change of character............... 
Sclentitic rate; factors involved... ..... «ease = 
Wall WeLO MES eriVilCe EACLOL. sleaeteie ce eyehe cle) cubicle ele- oilers 
VAMC Ch Shomalhioniny., 2 a ccooom ule oo AO dcom Om aonO Oo 
Wright demand meter, failure of...............-. 


Rates (also see Public utilities) ; 
class, commercial and residence lighting, daily load curves. . 


comparison with freight rate determination........ 
COSEIOLISEEVICEH Het, Set ier ten rere ie hate ei eister hela e = 
SectionalevattlOmmern sateen eae 

Customenc loadtactOnmere eo ae. ec ae = 
power [ackOraes truce ate ete nes 5.2) 

demand charges, light and power.............---- 
determination, avoidance of complicated contracts. . 
vale Of Service basis... 22). weil ates 

division according to class of business...........-- 
energy and demand charges.........-++++eseeeees 
charges, variation... ........ + sees ee eee 
heating and cooking load..........-+-+++ ++ ee ees 4 


hydroelectric power. ...-.-.- 26s sere ce enna ee. 


light.and power... 2% «qh nasa. tne sie ieee and 
load CULVES. co on pte oeare - bale en eesne haben: ee teimtntedene 
factor vs. direct flat rate...........---.52 0055 


power at less than CoSt......-.++ eee eee eee es 
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Rates, class (continued) , ’ 

system and territory, injustice of variations in rate . 
Uniformity .e ets eee eae 
the average rate, disadvantages..:.......0........ 
the rate scale, policy and expediency.............. 

totalcostito Consumer NaRe aa inn nee ee nee eee 
uniform, advisabilityens aeeney. salen Mine een en ee 
variation with energy charge...) 205 50:....... 
Wright and Hopkinson schedules................. 
determination, ‘‘all the traffic will bear” basis.............. 
lighti:and powerrelass'analysiss:... >. SPP 
toad analysis, commontsubstation. - 2. sits ee 
power ys.!ratlroadsra tesa we, Me. 4 a ee 


and. .tateimakin gee sue. Mae. ce: eee eee 
Reactance, short circuit, effect in feeder bus................. 51 
LEN ETATLOLLIA Me eee ee 

syiichronizingi’Dusseeeeee 4. see 


interconnecting substation feeders. 
paralleling substation feeders. .... 


individualifeeder plant ...-...........3 
relation generator to synchronizing bus, 

equations , Sis eee eee ee 
synchronizing busy use. ie nee 56 


Reactors, short circuit, disadvantages 4... ie eee nnn 
mutually inductive scheme.............. 


USE; ot ean eee eee 

Reétifier, corona.¥ Tinsel: alert) ne 
electrolytic. eee 
kenotron 


historical development...... eee 
eregulanieh eich; BS ata eee ee 
experimental measurement of 
resistance of test piece... .. 
geometriclequationyy, ...... 
multipolar machines........ 


similarity of flux and pctential func- 

HONS. {54h ne ee 

two and three dimenSions .......... 

theoretical, computation 
two slotted surfacesmiuey, Yaeee aeneee 


Repulsion start induction motors, (See Motors, induction, etc.) 
Resistance, a-c., measurement 


. : spatial relations 
Resistors, hoist control, d-c 
mill 
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OMOMMETE PROCESS a Rar Rea th vi oy, b sonnei decease 597 
Searchlight, angle Ofdispersionux: Bausot sc. vos. cs flee Ono 383 
are, advantage oi Béck tiypeins sen). oisven ute 370 

length, elfectiomcandlepowers,..:.....¢..0...2 369 

luminous powerrequation::..c44.:, a:searaeuea ok 372 

PEQuirsmMent seep. teary lee ce lye cays Les aden d ee 368 

StGadimeSsy ceatmsh Sey OMe, atonal Mba tah ae ete 377 

PEMUP Clash uneis sth scs Sa A Macey | sce Abe tiay 2 ete 384 

carbon evaporation temperature.........:......... 380 

CALDONS; [SEA LIST OS: 6). sy us vse caducus eee, ee er 378 
comparisonsNavy36!’ivs.) Beck. aes ov. eile ele 872 

effective mean spherical ¢.p...:....... 0: :ueheas... 379 

foot-candle power distance curves.................. 373 
HMEPOREHICIENCY of 43 1. ceeeta eae. wk Aan gener 365 

beam ‘photometric test............. 366 

lin exoinis Creengtesisemtsias yaesias aoe 365 

SUREO 127 ONCRUCC mens minum emis eee 366 

Semvalbe) leita tons qeinn 4nctns dewemewarn Sacehtets wiimae oe 382 
spherical-candle power curve................0..... 375 
Deanchiahtsrey ee Mere. git teu. is, tetera. leon oe 363 
CONST buen pants hat sik m aael sist eee 364 

etlectave madi ssolmaiscechilen tees a iran nn 381 

lamp mechanism requirements..... 367 


Shovels, automatic vs. non-automatic, comparison.............. 975 
CONG OL ri ncagee SE cxptnes = EERRDAREOIIFED € Loe gee Sener, ee | 973 
CUETENTICONSIIM p LON ICT Comme mentite. tena ) ae eee 974 


Skip-noistycontnollershe. ..) ee: weet eD, 0 cr, 2. ee re 978 
Southern Pacific, Portland Div., contact system................ 1561 
Steam and hydraulic power, combined operation, Penn. Water 

and Power Co. (See Penn. Water and Power Co., etc.) 
Steinmetz formula, hysteresis loss vs. magnetic induction........ 2671 
Dusceuallaimination pe ticctl Viens em aarti ee ee ne Bann a a20 
Submarine cable, telegraphy, rapid. (See Telegraphy, submarine, 

etc.) 


Substation, portable, high-tension, characteristics............... 280 
COSt acum Meee a oe hee a 287 
delta ime. oka a8. te hee 284 
Equimpment syeneralaen. emir 282 
iWiaaetsVO) Aa, seeder oa nb ts Oleeictole c 280 
lightninesarrestersasse eae 291 
low-tension delta.............- 286 
ODeKAtION: sear ack one 288 
single vs. three phase......... 291 
SWItCh! (Ca heetae sein sree ec OO 
SIWIGOHES Mr ma cwciee. pce ier cack ae 283 
Era NShO rd CESt sy, wie erences 285 
100;000-Vio litte RI er ce, a thas Soenuce hanes 279 
Sedo envorois, ehohaoraatshakes (ropatimnoyk, OMise or kon os bonodssouenenoecss 1819 
EComomytoien oa ceye te ack eee 1803 
effect on electrolysis........... Tel oLG 
Elgin & Belvidere Electric Rail- 
Way, COdwa seek tear cans OOO 
Hoya Dyon kee Ieee tO DCLAGLON Ee mmeateae 1809 


operation,overloads 1812 
operation, short-cir- 
Olt Shy d ratateereas 1812 
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Substation, automatic control, E. & B. R. R. (continued) 


selective devices.. 

wiring diagram.... 
feeder copper relation........... 
light and power systems......... 
lishtiloadsosses. emi v4.5 coer 
Piacticabritye ane eece -e meee 
tail wa yuServacetnapeet tai leit 
SIZClOf Units ee eee eee oe ee 
trathieicongestion mm vate. eran ee a 


Tallulah Falls development /it)..0578.000t52..... 


Sugar industry, motors 


Tallulah Falls development, Boulevard substation............... 


Telegraphy, radio, absorption and reflection 
arc generators 


outgoing lines 
outline map 
penstocks 


plant units 


high-tension 
switches..... 
low-tension 
equipment... 


transformer cool- 
ing system... 

transformer 
equipment... 

wiring diagram 


construction elements.............. 
controléboard: itm, flee, eee 
description. ...01.4.ee ee eee 
diverting dam 
flashboards 
forebay..cwxno else eaters eee 
forebay, cost. 


cross section. sre OR ete eae 


gatemmechanismsuee... peel OMe eeiate 
generators 
grounds 
incline railway 
intake dam, cost. 


crest detail............ 
cross section. TESA 
tunnels. kchastuated, Ob Sree 
cost. shana Pe OE os see 
ae TLC ele Seer ae one 


profile and costs.-...)....... 


power house, wiring diagram........ 

plant btildings aie 

cross section... 

Stationiservicess seen aan eee 

Substations: sn.) eee eee eee 

switch house SRO Gs Sit lee Phe ne 

system wiring diagram. .:....0..0.... 

telephonmetlines #1159 ee eee eee 

transformerss....)to a tee 
transmission lines.... 

COSUS ancas eaters 
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Telegraphy, radio (continued) 


audibility and divergence factors 

bibliography... cease aavas os oe ee ere 

continuous waves, daylight transmission for- 
mula.. : 

empirical transmission for- 

mula.. a Se eae 

observed data............. 

San Francisco-Honolulu and 

Tuckerton-Honolulu tests 

CONCIUSIONGEr er NEMO re 


frequency. . Phe shit tae Te eee eG 

infesferencerbands..:. ic)... ot. tpl. se bees 

long distance, continuous waves.............. 

continuous vs. damped waves. 

Paulsen Company equipment................ 

proposed ma val imvestigatiOnSiagn ©,.\ cles: oe aca 

STMUPIGERE EC CG tx a enna ciate, 1.5 a eee ae cae ES 

sustained wave tests, curves, various conditions 

GIR Mew ehinveas 35 os tod Ge Gro 

GESCrip HOn ners ean wee 

tickerandntonecwwhleel “52. 1c ce stom paler ce 
transmission equations, test determinations. . 

theoretical. . ; 

Way cslen otlMmleS Sin was rArrara iat. ot vals saint anor 


Subimanrinercalblega-ce tmpulSesa. a... aces desde eters 


actual cable resistance: 2.2... -5.- 
arrival of letters, form, Gott method 
arrival of letters, form, siphon re- 
‘corder and Morse codes........ 
Brown’s thermopile relay.......... 
direct-current impulses, lengthening 
overflow... 

Heusrtley cima oii tletne) eeetevete iene 
lniked MpseRGhUCSaMO\/oe cs GR ou Gace bace dx 
ianahoKounigexlalbhasan oc pq os bake comm Oe 


instrument speeds, various systems : 


inverse current method...,........ 
Muirhead relay..... song ok 2 hanes 
Picatdsysteml, seeherit cena. caer: 
neyONGl Sy ip on, ant we MODs See pec 
resistance curves, various ee 
cable. . : 
transformation ‘of a-c. - signals: to 
d-c. impulses. . ee ae 
sabe sine relay, Gulstad’s.....-..-. 


Pelephone, invention. «al. +aee ie. ote Pieter ey oles = 
circuits, inductive interference (See Interference) 
lines, Tallulah Falls developments COSt. sits. 7) eae 


poles, 


preservative treatment, bibliography.......... 
brush, method of failure 
Buffalo- Watren line. 
Buffalo-Warren line 
damage by insects... 
butt brush treatment... 
open-tank  treat- 
MEG Pye hes 


LEN GES Rae ee noes 
chestnut, rate of decay 
coal-tar cresote, brush 
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Telephone poles, preservative treatment (continued) 


comparison of preser- 
VaLIVeSIRT. ee. cee 
creosoted yellow pine, 
Washington-Norfollx 
Lites cee Ue eee 
CY PECSS es cine, (eae 
decay, definition....... 
distribution and _ loca- 
tion of experiments. . 
effect of seasoning.... 
experience with coal tar 
grounding, effect....... 
heavy vs. light method 
increase in lifes...) oe. 
juniper, rate of decay. . 
maximum impregnation 
méthodsisiwets ssh one 
Montgomery-New Or- 
4 leansilinese ere ee 
Omaha-Denver line... . 
preservatives used..... 
recensiresultse -. 05 oe 
recovery of preservative 
retention of preservative 
Savannah-Meldrim line 
Savannah-Meldrim line 
inspections see a 
Savannah-Meldrim line 
FECONSERUCHIONS eer 
seasoned and green juni- 
per, rate of decay.... 
surrounding’s, effect on 
life. eee ne eee 
swampy ground, effect. 
varieties of timber..... 
Wwholedlene th = eeee 
preservatives, analyses, butt treatments 


Telephony, intercontinental, single wire, ground return.,........ 
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Temperature (continued) 
rises, rates of heat ee and time of response, 
derivation of laws. sR Ue cee Sey Ree 


parallel ee 2 and 38-phase sys- 
tems, phase relations, diagrams. . 

parallel operation, 2 and 3- -phase Sys- 
tems, phase, voltage and current rela- 
UHOMSEP SMa ote ieee ch: Sach isenaeue Sete ate aces 

parallel operation, 2 and 3-phase sys- 
tems, voltage and phase transforma- 


parallel operation, 2 and 3-phase sys- 
tems) voltage relation: ....¢.8s.-..-- 
magnetizing currents, changes in shape, effect....... 
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3 single-phase units, 
delta-star connec- 
elo aR A ee ten Ee 


open delta connec- 
LIONS Ay ee take 
star-delta transfor- 
mers to star gener- 
ator, neutrals con- 


NECtEd |. Hatt. 
two banks, star sec- 
ondary, neutral 
groundedins serie 


sine wave, shape of flux wave 
wave analysis, 3rd and 5th har- 
MOMICS: seer 
fundamental 
Sean ae tite 
form. 2 
windings, capacity localized, abrupt wave ‘front, 
mathematical investigation. . See 
consecutive voltage changes, effect........ 
effect, afrab rtp t es ineieeety eet emer eee 
high frequency, effect on core. 
inductance and capacity, concentrated, 
dangerous frequencies. . 
inductance and capacity, “concentrated, 
dangerous frequency, effect.......5.... 
inductance and capacity, concentrated, 
impulse wave, eflect tsar.) eta: 
inductance and capacity, concentrated, 
normal frequency and voltage effect.... 
inductance and capacity, concentrated, 
VOlbAT Ee: PEA GL St bay Hardt ern. caadslenc eee 
inductance and capacity, concentrated, 
voltage gradient, varying frequency. . 
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Transformer windings (continued) 


inductance and capacity, uniform distri- 
bution, abrupt.e.m.f.; eflect...:50;..... 
inductance and capacity, uniform distri- 
bution, frequency, effects... .0:4 se: 
inductance and capacity, uniform distri- 
bution;| voltage. rises... 5) :192-s1 gees aoe eee 
voltage rises, effect of internal losses...... 


Transformers, current, calibration, artificial loading............. 


diagram of 
connections 
mutual inductance method.... 
mutual inductance method, ad- 
Valetta ges in pac. hte erapeaser oak 
mutual inductance method, ap- 
paratus wiring diagram..... 
mutual inductance method, ar- 
rangement of apparatus..... 
mutual inductance method, dia- 
gram. 
mutual ‘inductance. ‘method, 
third harmonic objection. . 
mutual inductances, calcula- 
Lions CQlaliCimh saa omen 
mutual inductances, design of. 
standard transformer method. 
synchronizing motor ccntac- 


phase “angles. cise ae ee ee ee 
correction angles. as ae 
determination, 3-phase genera- 
tor method.. ry 
determination, a -phase ‘genera- 
tor method, test results..... 
determination, 3-phase genera- 
tor method wiring diagram 
determination, Drysdale po- 
tentiometer method......... 
wattmeter method, constants 
unknown.. 
wattmeter method, ‘equation, 
inductance and capacity in 
C1Teuit seen eee ee ee 
wattmeter method, equations 
wattmeter method, magnitude 
of inductance error... . 
wattmeter method, test results 
tabulated. . : 
~  wattmeter method, vector dia- 
Cras Me TOY ke seer 
wattmeter method, wiring dia- 
STAMG TMA To ha nee 1536, 
wattmeter phase angle error. 
ratio and phase angle, mutual inductance 
vs. shunt method....... 
displacement determina- 
tion, mutual inductance 
method. . e 
displacement, mutual in- 
ductance method, equa- 
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magnetizing currents, 3-phase systems, third-har- 


monic distribution, analysis 
banks with different charac- 
teristics, result. . eS 
distortion catises...... 
even harmonics, presence... 
harmonics, star-star connec- 
tion, use of tertiary delta. 


parallel operation, two and three- pee oe 
delta-cross connections. ; = chert: 
star connections, cautions to be observed. Siri or an 


even harmonics, presence of...... 
‘typical wave form 
one-half harmonics, presence of... 
REVersim CMe Qs -nysrh eae cater cis sis 
transmission phenomena......... 
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windings, inductance and capacity............... 


Transient voltages, effect on dielectrics (See Dielectrics, transient 


voltages) 


Transmission line, foundations and towers, Toronto Power Co. 
high-tension, arc extinguishers, Penn. W. & P. 
Co 


“birds on "the line,” Penn. WwW. & 
PECo 
blowing ‘of wires, Penn. W.& P. 


Co 

calculated load, Penn. W.&P. Co. 
field destroying and_ restoring 
device, Penn. W. & P. Co..... 
fuses, Penn, W. é& BR. Co......... 
insulators, ON ECEGE Penn. W. 
drying out Penn. W. 

& P. Co ; 
flash- “overs, ‘character 
of, Penn. W. & P. Co. 
flash- -overs, Penn. W. 


graded, potential .dis- 
MAIO WUBOINen oclb.c doe ac 
hot and cold water test 
Penn. W. & P. Co 
loss in and out of service 
mechanical vibration, 
CeCe ene meee aoe 
Penne Weal Conner 
puncture voltage, 
plotted, Penn. W. & 


PN Woved. rh eaten 
temperature effects. . 
uncracked, failures, 


Penn. W. & P. Co.. 
interlocking line- oe Penn. W. 
Sees Core , eae oe 
operating experiences, ‘Penn. W. 
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record, Penn. W. & P. 
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Transmission line, high-tension (continued) 
sleet, Pénn:) W../Pic& Como...) . 
towers, Penn. W. & P. Co...) 
towers, AlabamasPower ©o. eee anne 
anchors, hormzontal loads... jeanne 
POC WILCOCK Caer Een eee 
SUCEL Se chee cee ne ee eee 
EKSTIS) IR SY OXON BOS ead rst nok coc tc 
various types, advantages.... 
verticaliloadea. mel enn Lata 
angle type, Toronto Power Co........ 
costs; Alabaina Poweri Conn ene eee 
design: ad vei OLS. 40 edits eee aration 
erection. 1. eee eee 
erection diagram, Alabama Power Co.. 
footing, Alabama Power Co.....). 12). 
footings neesthy oes. eI ea oe 
foundation plans, Toronto Power Co... 
foundations and erection............. 
character of soil.......... 
concrete mushroom type. . 
COnecretin one eure eee 
digging holes............. 
laftinioctestss=.. 9k ae 
steel single leg stub....... 
tripodiinpe.... eee on 
uplift and applied pull, 
relationy.5... J. ae 
upward movement........ 
galvanizing vs. painting.............. 
guy anchors. ees. ee 
location, Toronto Power Co........... 
rockbdlts Maes Fes, SPaee eo e 
rock footing, Alabama Power Co...... 
. standard, Toronto Power Co.......... 


Townline: constrict Orieee alee aan 

a-c., long-distance, calculation............... 
numerical ex- 

amples ..2514, 

power lost in line 

charging current compo- 

nents, equations......... 

leakage conductance, form- 


CALMS NG o's paket a ae 
solution of differential equa- 
CIOHISE a: 4. cae ee 
unloaded line, power con- 
Stimed sok uu 74 ey eae 


Tallulah Falls development.................. 
COStS San. at hie eee 

towers, Tallulah Falls development........... 
Star-star transformer connections, cautions to be 
observed 


high-voltage, disturbances, light Vs. heavi- 
lytoaded 2 nies. Sirgen 7 
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Transmission systems, high-voltage (continued) 
isolated delta, unreliability... 2234 
Southern California, 2400- 18000-volt, inter- 


RUD TIONECAT SES eterna 2233 

Turbines, water, Tallulah Falls developments ,iie <2. cin ee eee 2413 
Two-and three- -phase systems, parallel operation, transformers, delta 

CHOSSECONMECLIONS cate pl pe Maree oo ta est cee, Wien era 2141 

Unsymmetrical hysteresis loops. (See OBE eee etc. eo 

Vant Hoff, fundamental equation. . : ice eo 0) 

Voltage regulation, motor capacity, limitations. . Pee . 722, 746 

Wattmeter, cathode ray tube, dielectric loss determination....... 1627 

Wave form, a-c., cyclic variation. . Ce Ra ROT: eae ots anions 333 

coherer....... fe Death oe 344 

curve construction............. 334 

discussion of theoretical curves. . 335 

fifth harmonic conditions........ 340 
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lag and lead.. ; : 339 

negative temperature coefficient. 337 

positive temperature coefficient. 336 
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tungsten filament effect......... 343 

vector presentation.......-....- 341 
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